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Abstract
Corals are experiencing a worldwide decline in abundance and diversity. Reasons for
this include anthropogenic impacts and associated changes to environmental conditions,
including global climate change. Increasing atmospheric CO2 levels lead to a coordinated
increase in sea surface temperatures and decrease in oceanic pH.

Warming events

associated with El Niño-Southern Oscillation (ENSO) amplify the impacts of steadily
increasing temperatures.

For example, coral communities in the Galápagos Islands

experienced mortality rates of up to 95-99% during severe ENSO warming in 1982-1983.
Persisting through such extreme conditions imposes additional challenges to survival in
already marginal environments for coral growth and development that occur in the
eastern tropical Pacific. This study quantifies via photoquadrats population changes in
mean live coral cover, density, and colony size over a 7-year period (2004-2011) in a
small community of the nodular coral Psammocora stellata located at Xarifa Island in the
Galápagos Islands. The physical characteristics of this shallow (1-3 m depth) habitat
include shading by tall basalt cliffs and strong water flushing action that may contribute
to the persistence of this species at this atypical locality through mitigation of
anomalously warm and cold conditions.
Coral cover is high for this region, and significantly increased from 39.7% in 2004 to
58.3% in 2011 (p=0.006, Tukey HSD), an overall increase of 47%. Fluctuations in coral
cover were associated with anomalous temperatures (up to +3.5° and -4.6° C compared to
daily means). Negative temperature anomalies in 2007 were associated with a nonsignificant decrease in coral cover (55.3% in 2007 to 49.5% in 2009), and coral cover
rebounded in 2011 to 58.3%. From 2004 to 2011 colony density increased significantly,
from 258±62 to 612±245 colonies m-2 (p<0.001, Tukey HSD), and colony size decreased
significantly from 3.9±5.0 to 2.4±3.1 cm2 (p<0.01, Tukey HSD), perhaps due to
fragmentation caused by physical and biotic disturbances. Temperature data were
collected in situ, documenting values that ranged from 16.8° - 28.9° C. The persistence of
the Psammocora community through both strong and moderate ENSO events
demonstrates the resistance and resilience of the species to these temperature anomalies.
Adding to the understanding of this species and its interactions with the surrounding
2

physical processes will aid in the development and improvement of management
strategies.

Keywords
Psammocora stellata, stellar coral, Galápagos Islands, eastern tropical Pacific, coral
community, resistance, resilience
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1.0

Introduction

1.1

The Eastern Tropical Pacific

The eastern tropical Pacific is the area spanning from the Gulf of California southward to
the northern coast of Peru, including all offshore islands (Cortés 1997). This region is
influenced by a variety of oceanographic and atmospheric processes. Their combination
has created variable environments, subject to intense physical disturbances, that are
marginal for coral growth and development (Glynn and Colgan 1992). One of the major
features influencing marine organisms in the eastern tropical Pacific is the elaborate
current system (Figure 1). Flowing from east to west are the North and South Equatorial
Currents (NEC and SEC). Each have a respective countercurrent (NECC and SECC), the
strongest being the North Equatorial Countercurrent, that sets the northern limit for the
SEC (Chavez and Brusca 1991). Supplying the SEC is the cool Peru Current System
(PCS) that is comprised of the Peru Coastal Current (PCC) and the Peru Oceanic Current
(POC). Additionally, there are three major subsurface currents flowing from west to east:
the Equatorial Undercurrent (EUC) and the Northern and Southern Subsurface
Countercurrents (NSCC and SSCC) (Chavez and Brusca 1991).

4

Figure 1. Surface currents in the eastern tropical Pacific (ESRI 2013). Note that the Panamá Current
is only present from December to April.

Also playing an important role in the climate of the eastern tropical Pacific is the location
of the Intertropical Convergence Zone (ITCZ). This low pressure zone is north of the
equator and oscillates between 5˚N and 12˚N during the boreal winter and summer,
respectively (Glynn 2003). The ITCZ stretches from the eastern tropical Pacific to
Indonesia and is where the northeast and southeast trade winds converge (Chavez and
Brusca 1991). The southeast trade winds originate from the high pressure system located
over Easter Island and continue westward towards the Indonesian Low (Chavez and
Brusca 1991). When variations in atmospheric pressure occur at these two centers, the
phenomenon known as the Southern Oscillation is generated; part of the larger
anomalous event named the El Niño-Southern Oscillation (ENSO) (Philander 1990).
There are two phases associated with this event: a warm phase named El Niño and a cold
phase named La Niña. During El Niño events the shift in atmospheric pressure results in
weakened trade winds which increase the flow of warm surface waters from the western
5

coast of Central America into the equatorial eastern Pacific and reduce the western
transport of warm waters along the equatorial Pacific. The surface waters in the eastern
tropical Pacific increase in temperature and decrease in productivity, due to the
deepening of the thermocline; overall conditions are warmer and wetter during El Niño
events (Feingold 2011; Glynn 1990; Lavin et al. 2006).

La Niña events produce

conditions colder and drier than normal due to the shift of the high pressure system
towards the western Pacific (Feingold 2011; Trueman and d'Ozouville 2010). The effects
and the severity of an ENSO event vary with location within the eastern tropical Pacific.
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Figure 2. The Galápagos Islands. The star denotes the study site near Española Island (Hijmans et
al. 2004).
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The study site is within the Galápagos Islands (Figure 2), the largest group of offshore
islands within the eastern tropical Pacific. The most influential major currents to the
Galápagos are the EUC and the SEC. The EUC flows along the equator and surfaces on
the western edge of the archipelago, providing cool, nutrient-rich upwelled waters
throughout the islands (Glynn 2003). However, during ENSO events, the EUC subsides,
cutting off this nutrient source to the islands (Chavez and Brusca 1991). On the opposite
side of the archipelago, the westward flowing SEC brings cooler waters into the southern
islands of the Galápagos for most of the year (Chavez and Brusca 1991).

From

December to April the northern islands are immersed in warm, tropical surface waters
(TSW) originating from the southward Panamá Flow (PF) (Glynn 2003). The SEC and
TSW are separated by an abrupt boundary called the Equatorial Front (EF), located
approximately between the equator and 1˚N and is also known as the Galápagos Front
(Chavez and Brusca 1991; Glynn 2003). Mixing along the EF and upwelling from the
EUC is facilitated by the shallow thermocline typical of the eastern tropical Pacific
(Manzello et al. 2008). The current system plays an important role in the health and
distribution of corals through facilitating larval transport and driving nutrient availability,
temperatures, and salinity concentrations (Glynn et al. 1983).
Although intense upwelling occurring around the Galápagos Islands provides nutrients
from deeper waters, it also brings CO2-enriched waters to the surface, effectively
lowering the pH and carbonate saturation state (Manzello et al. 2008). This is true for
most of the eastern tropical Pacific and was confirmed in the Galápagos by Kleypas et al.
(1999) who reported the islands having a low aragonite saturation state. The addition of
CO2 increases the amount of hydrogen ions in the water causing the free carbonate ions
to form bicarbonate, therefore limiting the carbonate ions available for corals and other
organisms to use for biological processes (Schneider and Erez 2006).

The lower

saturation levels in the eastern Pacific are one of the causative factors limiting extensive
reef growth in the archipelago (Manzello et al. 2008).
The seasonal meteorological cycle of the Galápagos Islands consists of a warm/wet
period from approximately December to April and a cool/dry period from May to
November (Wellington et al. 2001). These two distinct seasons are the result of the intra8

annual migration of the ITCZ. When the ITCZ is near its southern limit, the southeast
trade winds weaken and allow warmer currents from the north to flow into the
archipelago; these conditions are intensified during El Niño events.

As the ITCZ

migrates north, the southeast trade winds strengthen and the air cooled by the Peru
coastal current and the south equatorial countercurrent is blown into the islands. This
cool air is trapped below warmer air creating an inversion layer 300 - 600 m above sea
level. Condensation forms near the border of these two air masses resulting in stratus
clouds and mist referred to as “garúa” (Trueman and d'Ozouville 2010). The seasonality
within the Galápagos is also reflected in the variations of salinity, cloud cover and wave
turbulence (Glynn et al. 1983). The biological processes of corals are influenced by this
seasonality, for example the warm water temperature that occur during the warm/wet
season are linked to the reproductive activities of corals (Feingold 2011; Glynn et al.
2012).
The interaction of these complex processes creates challenging environments that require
corals in the eastern tropical Pacific, and specifically in the Galápagos Islands, to live at
the edge of their physiological abilities (Glynn and Ault 2000). The eastern tropical
Pacific is considered a generically depauperate region, as compared to the Indo-Pacific
and the Caribbean; however, the number of extant genera and species of zooxanthellate
scleractinian corals in the eastern tropical Pacific are continuously being updated and
modified (Veron 1995; Glynn and Ault 2000; Reyes-Bonilla 2002). According to Veron
(1995) there are 5 genera and 10 species, whereas Glynn and Ault (2000) report 10
genera and 37 species of hermatypic scleractinia. Reyes-Bonilla (2002) confirm 10
genera but increase the species number to 42. The 2002 study also lists 41 genera and 82
species of azooxanthellate stony corals, which is the highest number of stony corals
reported for the region. This increase in taxa is partly due to the extension of the defined
range of the eastern tropical Pacific from Alaska to Chile as well as the description of
new species (Reyes-Bonilla 2002).
In the Galápagos Islands, Wells (In: Glynn and Wellington 1983) reported 6 genera and
13 species of hermatypic corals and 22 genera and 31 species of ahermatypic corals. In
2003 Glynn concluded there are 8 genera and 19 species of hermatypic corals.
9

Researchers at the Charles Darwin Foundation have an updated list to include 9
zooxanthellate and 25 azooxanthellate genera, however the total number of species is
unclear due to species synonymy (Tirado et al. 2011). This variation is in part due to the
method used to classify coral species. Historically, studies relied heavily on
morphological characteristics to identify and differentiate coral species. In more recent
studies, genetic analysis has been used to assist in the clarification of species boundaries
and to help elucidate whether or not morphological differences are representative of
actual taxonomic differences or rather are a result of intraspecific differentiation in
response to environmental conditions (Pinzón and LaJeunesse 2011; Pinzón et al. 2013;
Prada et al. 2014). As a result species boundaries are continuously being updated due to
advancements in coral taxonomic genetic analyses in conjunction with gains in the
understanding of ecological interactions, reproductive modes, and the morphology of
corals.
The Galápagos Islands are a challenging environment for coral survival due to the strong
currents, upwelling and aperiodic ENSO events.

Coral reefs that occurred in the

archipelago prior to the mass-morality event associated with the 1982-83 ENSO were
small in size, structurally simple, had a discontinuous distribution, and were usually
composed of one to three coral species (Glynn et al. 1983). Subsequent to the 95-99%
coral morality coupled with intense urchin bioerosion, structural coral reefs (i.e. wave
resistant frameworks) are no longer present (Glynn et al. 1983; Glynn and D’Croz 1990;
Glynn 1994; Glynn 2003). However there is an exception at Darwin Island where Glynn
et al. (2009) reported a significant recovery of the reef since the 82-83 ENSO event. It is
believed the low concentrations of bioeroders, relative to other regions of the archipelago,
allowed the original coral framework to remain intact thereby providing substratum for
coral recruits.

Even taking this exception into account, coral communities (i.e.

aggregations that do not alter surrounding physical conditions) were and remain the
typical coral assemblage (Glynn 2003; Wellington 1975). Although coral communities
do not create the structural framework of coral reefs found in other locations within the
eastern Pacific, they do increase the benthic complexity and increase the available
carbonate substrate that can be utilized by other organisms (Feingold and Glynn 2014).

10

Coral communities have been observed along the shores of the southern, northern, eastern
and western islands within the Galápagos (Glynn et al. 1983). Generally the corals are
present on the shores facing the central point of the archipelago. For example, in the
southern islands (San Cristóbal, Española, and Floreana) coral communities are primarily
on the northern coasts while in the northern islands (Genovesa, Marchena, Pinta, Wolf,
and Darwin) the communities are mostly found along the southern coasts. In the central
islands (Santa Cruz, Pinzón, Rábida, east Isabela, Santa Fe, and Santiago), except for
Santa Fe which follows the southern island pattern, coral communities do not have a
distinct distribution north or south since the islands are within the central region. Lastly,
coral communities in the western islands (Fernandina and west Isabela) are limited to the
area sheltered from the Equatorial Undercurrent. The dominant corals comprising the
communities are Pavona, Porites and Pocillopora species; however other species also
contribute (Glynn et al. 1983; Glynn 2003; Wellington 1975). The species of particular
interest in this study is the nodular coral Psammocora stellata Verrill (1868). The
marginal environmental conditions of the Galápagos Islands are limiting to P. stellata,
yet this species has been able to persist in numerous locations throughout the Islands
(Glynn and Ault 2000).
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1.2

Species Description

1.2.1

Distribution

Psammocora stellata (stellar coral) is an Indo-Pacific scleractinian coral in the family
Siderastreidae (Veron 2000). It was first described from Panamá and is considered to be
a typical component of eastern tropical Pacific coral communities (Glynn et al. 1983).
The known distribution (Figure 3) extends along the western coast of Ecuador up to the
Gulf of California, but going no further than 25ºN (Ochoa López and Reyes-Bonilla
1997; Reyes-Bonilla 2003). Psammocora stellata also occurs westward including the
Hawaiian archipelago and Johnson Atoll, Easter Island, the oceanic west Pacific,
Indonesia, and the Seychelles (Cortés et al. 2014). It has recently been documented in
the Line Islands, which are approximately 2,400 kilometers south of Hawaii, as well as at
Mayotte, which is a small group of islands located in the Indian Ocean between
Mozambique and Madagascar (Stefani et al. 2008b). Within the Galápagos, P. stellata
occurs at Española, Fernandina, Floreana, Genovesa, Isabela, Marchena, San Cristóbal,
Santa Cruz, Darwin and Wolf Islands (Wells In: Glynn and Wellington 1983; Cortés et
al. 2014; Tirado et al. 2011; Glynn et al. 2009).

Figure 3. Native range of Psammocora stellata (IUCN 2009; Hijmans et al. 2004).

1.2.2

Morphology

Corals in the Psammocora genus form colonies that are branching, columnar, encrusting,
laminar, or massive (Plate 1) (Veron 2000). The genus is characterized by the occurrence
of petaloid septa, which are dependent upon the distinct organization of extrapolypal
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tentacles, as described in detail by Benzoni et al. (2007).

Coscinaraea is a

morphologically similar genus however it can be distinguished by its larger corallites and
calices compared to Psammocora (Veron 2000).

Plate 1. Representative photographs of branching (left – Devil’s Crown, Galápagos, June 2009, 3 m
depth) and encrusting (right – study site, May 2004, 1-3 m depth) morphologies of P. stellata. On the
right P. stellata is adjacent to encrusting Pavona sp. (Photos, J. Feingold).

The morphological characteristics of P. stellata are diagnostic for species identification at
the colony, branch, and corallite levels (Figure 4). The individual colonies do not grow
larger than a few centimeters in total diameter (Wells In: Glynn and Wellington 1983).
Although P. stellata does not form classic coral reef structures, it creates coral
communities with three-dimensional complexity sufficient to maintain high coral
densities and provide shelter for reef fishes such as, juvenile grunts, damselfish and
angelfish (Feingold 1996; Glynn 2003). By definition, this hermatypic coral accretes
carbonate, yet the resultant unconsolidated biostrome does not categorize the coral as an
important framework builder (Feingold 2001). In contrast, (Cortés 1997) reported that
Psammocora stellata colonies form smaller “reefs,” generally comprising areas less than
50 m2, though this distinction may be semantic.
Psammocora stellata colonies grow in nodular form, with rounded branches that are a
tan, grey or purple color (Wells In: Glynn and Wellington 1983; Veron 2000). Also, an
encrusting base can be observed in young colonies (Stefani et al. 2008b). The distal end
of a single branch ranges in size from a maximum width of 13-23 mm and a minimum
size of 3-5 mm (Stefani et al. 2008b). In addition to the small size, the coral has a low
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surface area, low weight and a porous skeleton (Reyes-Bonilla et al. 1997).

This

morphology may increase the level of influence the surrounding water motion has on the
species. When P. stellata exists in a habitat in which there is high wave action, the
branches grow shorter and sturdier (Stefani et al. 2008b). Also, the round shape of the
branches has been suggested to be the result of the combined influence of water motion
and bioturbation (Reyes-Bonilla et al. 1997).

Figure 4. Colony (E1), branches (E2) and corallites (F) images of Psammocora stellata (Stefani et al.
2008b).

1.2.3

Growth rates

Growth rates vary for the species, in general, Glynn and Ault (2000) reported that P.
stellata has a relatively slow growth rate of less than 8 mm (0.8 cm) per year. In Costa
Rica, growth rates were measured to range from 6.0 to 21.6 mm/yr (0.6 – 2.16 cm/yr),
with a mean rate of 13.9 mm/yr (1.39 cm/yr) (Jiménez and Cortés 2003).

In the

Galápagos the range observed was 3.0 to 15.6 mm/yr (0.3 – 1.56 cm/yr) (Feingold 2001).
1.2.4

Reproduction

Psammocora stellata is a gonochoric broadcast spawner that also reproduces asexually
through fragmentation (Glynn et al. 2012).

Additionally, Kolinski and Cox (2003)

described P. stellata as a brooder based on tank experiments conducted in Hawaii,
however Glynn et al. (2012) strongly suggest the main mode of reproduction in the
eastern Pacific is through broadcast spawning. The reproductive period varies with the
temperature of the specific region. In thermally stable environments (Caño Island, Costa
Rica and Uva Island, Panamá), P. stellata are reproductively active all year round, with
high levels of fecundity (1.3-2.0 x 104 ova cm-2 year-1). In areas with a distinct warm
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versus cold season (Galápagos Islands), P. stellata is more reproductively active during
the warm season (Glynn et al. 2012). The mature eggs are azooxanthellate, which may
factor into the moderate larval recruitment observed (Costa Rica) for the species (Glynn
and D'Croz 1990; Glynn and Ault 2000).
Another factor that contributes to the reproductive success of the coral is the availability
of suitable substrata for settlement. Research by Norström et al. (2007) suggested that
coral larvae have a preference for substrates consisting of morphologically similar dead
corals.

Although the mechanism for this preferential settlement, such as physical,

chemical or bacterial cues, post-settlement mortality or the presence of favorable habitat
zones, has not been explicitly determined, coral recruits are found to be significantly
influenced by the physical morphology of the dead coral substrate (Norström et al. 2007).
An additional factor affecting the recruitment success of coral larvae is the presence of
crustose coralline algae (CCA). Scleractinian coral recruits have shown a preference for
certain species of live CCA due to chemical and biological cues that induce coral
settlement.

Utilizing CCA as a substrate provides protection from other space

competitors and wards off sedimentation associated with turf algae.

The initial

relationship is beneficial; however post-settlement the recruit must fend off the defense
mechanisms of CCA, such as sloughing, overgrowth and chemical deterrence.

To

increase the chance survival, coral larvae are able to recognize CCA with less effective
antifouling methods (Harrington et al. 2004).
1.2.5

Predation

Psammocora stellata is considered to be a highly resilient (the capacity to recover from
disturbances) species and has a high community persistence (Glynn and Ault 2000).
However, the species is still vulnerable to predation. Organisms that prey upon P.
stellata include Arothron melagris (pufferfish), Arothron hispidus (pufferfish),
Ancanthaster planci (crown-of-thorns sea star), Pentaceraster cumingi (Panamic cushion
star) and Eucidaris galapagensis (pencil sea urchin).

Arothon melagris has been

observed to consume P. stellata in the Galápagos and may facilitate asexual reproduction
through fragmentation, however the coral may be a secondary choice for the fish
(Feingold 1996; Glynn et al. 2012). Similarly, the congener A. hispidus has also been
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documented feeding on P. stellata (Panamá) but is not considered to as a major threat to
the coral (Glynn et al. 1983). Acanthaster planci has shown to prefer P. stellata as a
primary food source, however this predatory sea star is not found in the southern islands
of Galápagos (Glynn and Ault 2000). The second sea star mentioned, P. cumingi, is
more of a generalized predator and P. stellata is just one of its dietary components
(Glynn 2003). The most abundant of the three predators is E. galapagensis. This sea
urchin has the ability to disturb the settlement and growth of coral recruits based on the
feeding mode of the organism (Glynn and Ault 2000). The jaw structure commonly
known as “Aristotle’s Lantern,” contains deep-rasping teeth capable of removing newly
settled coral recruits. The rate of predation will determine if the coral will benefit from
the bioturbation or if predation will negatively affect the coral, particularly if it is
combined with other natural or anthropogenic disturbances (Reyes-Bonilla et al. 1997;
Brainard et al. 2011).
1.2.6

Depth range

As a free-living coral, P. stellata is common on coarse sediment and coral rubble
substrata (Feingold 1996). Also, P. stellata colonies are known to frequently occur in
rocky areas as individual patches (Reyes-Bonilla 2003). The species is often observed in
depths greater than ten meters and extends down to approximately twenty meters (Glynn
2003). This preferred depth range is evident in several locations throughout the eastern
tropical Pacific.
In Costa Rica the three observed species of the Psammocora genus were considered rare
at shallow depths and were recorded only within the 5-14 m depth range (Guzmán and
Cortés 2001). Cortés and Jiménez (2003) found P. stellata to dominate in deeper regions
greater than or equal to 13 m and Cortés (1990) recorded a higher presence of P. stellata
at the 5-6 m survey depths. Similarly, a study in the Gulf of California, Mexico, reported
Psammocora to occur at deeper sites (>15 m) (Reyes-Bonilla 2001). In the Galápagos, P.
stellata colonies that occurred at shallow (7 m) depths at Punto Espejo were affected
more severely by ENSO related warming events than colonies at deeper (13-15 m) depths
east of Devil’s Crown (Feingold 2001).

Within Devil’s Crown, at 3-6 m depth, a

population of P. stellata forming an aggregate area of 2295 m2 suffered complete
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mortality during the strong 1982-1983 ENSO event.

However 28 years later the

population recovered to cover approximately one-third the original area (Glynn et al.
2012). This recovery is attributed to the nearby deeper population which served as a
source through providing larvae to the decimated shallow population (Feingold 1996;
2001).
The ability of P. stellata to populate deeper, cooler habitats is considered to be one
reason the coral has been less susceptible warming events, namely the El Niño-Southern
Oscillation. Recurrent tidal flushing of cool water from the sub-surface mixed layer over
the coral community may lessen the effect of increased surface water temperatures
(Feingold 1996). Also, Feingold (1995) experimentally determined P. stellata to be more
resistant to elevated water temperatures (up to 30.5 ± 0.61°C) compared to other
scleractinian corals from the Galápagos Islands. During the trials, P. stellata was the
only coral that did not bleach under conditions that caused bleaching in two shallow (2
m) water species (Pocillopora elegans and Pocillopora damicornis) and one deeper (15
m) water species (Diaseris distorta). Although P. stellata did exhibit paler pigmentation,
color was regained during the recovery period of 30 days following the 60 days of
exposure, demonstrating the ability of this species to resist and recover from increased
temperatures (Feingold 1995).
The survival of P. stellata has also been explained by its presence at lower positions on
the reef flat where shading by larger species, such as Pocillopora spp., may reduce light
exposure (Glynn 1976). This shading may decrease the susceptibility of the coral to
bleaching compared to corals exposed to greater light levels. As light intensity increases,
so does the photosynthetic activity of the coral symbionts (i.e. zooxanthellae). This
increased production can become toxic to the coral and may lead to expulsion of the
symbiont (i.e. bleaching) (Lesser 1996; Hoegh-Guldberg and Jones 1999).
1.2.7

Related Species

The coral genus Psammocora Dana (1846) was originally described with 29 nominal
species, however many were synonymized by Veron and Pichon (1976) and Scheer and
Pillai (1983) resulting in 11 species currently recognized by Cairns (1999), 12 species by
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Veron (2000) and 7 species by Benzoni et al. (2010). The classification of the genus has
also fluctuated since being first described by Dana (1846). The genus has been moved
among three suborders and three families before finally being placed in the currently
accepted Fungiina suborder and Siderastreidae family (Figure 5). The complex skeletal
structures of Psammocora have made it difficult to assign the genus to a higher
taxonomic rank, as well as to distinguish species within the genus.

1943
Vaughn & Wells
Fungiida
Thamnasteriidae

1956
Wells
Astrocoeniina
Thamnasteriidae

1987
Chevalier & Beauvais
Fungiina
Psammocoridae

1995
Veron
Fungiina
Siderastreidae

Figure 5. Modifications to the taxonomic hierarchy of the Psammocora genus as described by
Benzoni et al. (2007).

Morphological and phylogenetic studies (Benzoni et al. 2007; Benzoni et al. 2010,
Stefani et al. 2008a, Stefani et al. 2008b) have been performed in order to gain a better
understanding of the relationships among species within the genus, however the results
continue to leave the species boundaries up for debate. The distinct classification of
species is difficult in part due to the phenotypic plasticity seen among the branching
psammocorids. This trait is generally problematic for all of the scleractinia (Veron
1995).

Geographic location and associated variable environmental conditions are

believed to cause morphological variation (Stefani et al. 2008b).

Also, molecular

characterizations are complicated by hybridization between species, leading to conflicting
results compared to morphological species descriptions (Diekmann et al. 2001; Vollmer
and Palumbi 2002; Wolstenholme et al. 2003; Stefani et al. 2008b).
Two species considered closely related to P. stellata are the branching Psammocora
obtusangula and Psammocora contigua. Stefani et al. (2008b) found P. stellata to differ
both genetically and morphometrically from P. contigua; however, P. obtusangula could
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not be separated by either method from P. contigua, suggesting that it is a synonym of
that species. Although P. stellata is distinct from P. contigua there is evidence of
hybridization between the two species (Stefani et al. 2008b).
The coral species that is the subject of this study was identified as P. stellata based on
morphological characteristics observed in the field. Although confident in the field
identification, the possibility of alternate and/or additional species being present within
the site has not been ruled out due to the complicated nature of species boundaries within
the Psammocora genus.
1.3

Resistance and Resilience

Resistance
In a broad sense, the term resistance refers to the ability of a species to resist change (i.e.
population decrease) in response to a perturbation (Stachowicz et al. 2007). On a local
level, the ability of a coral colony or individual to resist bleaching signifies a resistant
species (West and Salm 2003).

West and Salm (2003) suggest both intrinsic

(physiological tolerances) and extrinsic factors (local environmental conditions) play a
role in characterizing a species as resistant (Doney et al. 2009). To assess the principal
extrinsic factors which increase the overall resistance of the species four broad categories
are used: physical factors that reduce temperature stress; physical factors that enhance
water movement and flush toxins; physical factors that decrease light stress; and factors
that correlate with bleaching tolerance (West and Salm 2003). These categories are
broken down with specific conditions describing each factor (
Table 1).

The conditions are ranked by level of reliability; the consistency of the

conditions over a considerable period of time.

Grimsditch and Salm (2006) also

comprised a list of resistance factors particular to bleaching which are separated into two
main categories: tolerance and avoidance.

Tolerance refers to the physiological

characteristics of corals that enable them not to bleach and includes the following factors:
acclimatization, The Adaptive Bleaching Hypothesis (proposed by Buddemeier and
Fautin 1993), zooxanthellae clades, and coral morphology. Avoidance refers to the

19

physical factors that create a non-stressful environment for corals, reducing the
occurrence of bleaching, and include: local upwelling, currents, shading and screening.
Table 1. A consolidated list of factors that may correlate with coral bleaching resistance reproduced
from West and Salm 2003.

Resistance Factor

Reliability*

Physical factors that reduce temperature stress
Exchange (warm water replaced with cooler oceanic water)
Upwelling
Areas adjacent to deep water
Wind-driven mixing

High
High
High
Low

Physical factors that enhance water movement/flush toxins
Fast currents (eddies, tidal and ocean currents, gyres)
Topography (peninsulas, points, narrow channels)
High wave energy
Tidal range
Wind

High
High
Low
Low
Low

Physical factors that decrease light stress
Shade (high land profile, reef structural complexity)
Aspect relative to the sun
Slope
Turbidity
Absorption/CDOM
Cloud cover

High
High
High
Low
Low
Low

Factors that correlate with bleaching tolerance
Temperature variability
Emergence at low tide

High
High

Indirect indicators of bleaching tolerance
Broad size and species distributions
Areas of greatest remaining coral cover
History of corals surviving bleaching events

High
High
High

*"Reliability" refers to whether the factor is considered predictable and
persistent in its operation (and thus of high value as a predictor of survivability)
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Resilience
Resilience is a term used to describe responses to disturbances, such as bleaching or
intense weather events, across variable scales of intensity and time.

In contrast to

resistance, resilience assumes the system or species was directly affected by a
perturbation. The time required to return to a state of equilibrium factors into the overall
level of resilience for that system or species (Nyström et al. 2008). Although recovery
time is important, several other considerations must be examined in order to attain a
comprehensive understanding of the resilience of a system or species.
Resilience is a culmination of three interrelated responses of the species: resistance,
tolerance and recovery (Marshall and Schuttenberg 2006). Using coral bleaching as an
example response to a disturbance, resistance may occur at the population or at the
colony level, in which case resistance to bleaching by individual colonies within a
population can add to the overall resistance of that population. The tolerance of a species
reflects its survivability during a bleaching event and recovery refers to the response of
the affected coral in the time period subsequent to the disturbance (Marshall and
Schuttenberg 2006). The outcome of the recovery phase is dependent on both intrinsic
and extrinsic factors. Intrinsic factors include larval abundance, recruitment success,
adequate grazing, low abundance of bioeroders, corallivores and disease.

Extrinsic

factors include local physical and oceanographic conditions and effective management
schemes. Comparably, Grimsditch and Salm (2004) described resilience to bleaching by
breaking it down into ecological factors and spatial factors. The former includes species
and functional diversity and the latter includes shifting geographic ranges, reproduction
and connectivity. It is the combination and reliability of these factors that ultimately
determine the resilience of the species and its respective system (West and Salm 2003).
1.4

Statement of Purpose

The purpose of this study is to describe and analyze changes in a small population of the
nodular coral Psammocora stellata over a seven year period (2004 – 2011). The study
site is located at Xarifa Island in Gardner Bay at Española Island, Galápagos Islands,
Ecuador and was discovered in the 1980’s by Tui DeRoy (Glynn et al. 2012). The site is
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immediately adjacent to a rock cliff on the island of Xarifa in an area approximately 3.5
m x 10 m. The rock cliff physically limits sunlight exposure, serving to shade the
majority of the study site during most of the day. The habitat is in atypically shallow
depths (approximately 1-3 m) for the species; however, the surrounding physical features
simulate a deeper environment, in respect to the light availability, which is preferred by
P. stellata and may contribute to the ability of this species to grow and sustain its
presence at this locality.
The restricted area will facilitate the understanding of abiotic and biotic factors involved
in population maintenance. The success of this P. stellata population, despite exposures
to several severe ENSO events, may also provide a local example of coral resilience.
Resilience will refer to the capacity of the species to recover from a disturbance and
return to a state of equilibrium (Nyström et al. 2008). Also, it will include the ability of
the species to resist change (i.e. population decrease) in light of a perturbation
(Stachowicz et al. 2007). This small-scale community will offer insights concerning
populations of P. stellata of larger size and in similar habitats.
The occurrence of ENSO events directly affects the eastern tropical Pacific waters
primarily by increasing the sea surface temperatures. The positive temperature anomalies
are of great consequence to the coral biota and have induced mortality rates reaching 9599% in the Galápagos Islands during the 1982-83 ENSO event (Glynn et al. 1988). The
ability of a coral to survive during periods of increased water temperatures is a
determinant factor in the overall viability of the species. Experiments conducted by
Feingold (1995) and Maté (1997) concluded that P. stellata is more resistant to increased
temperature levels than the common eastern tropical Pacific reef-building coral,
Pocillopora. The higher tolerance of P. stellata may give this species an advantage
during future ENSO events and actions to protect this species may have a greater rate of
success due to its inherent physiology and habitat preference.
From a broader perspective, the persistence of this P. stellata population may aid in
understanding future coral growth in an increasingly acidifying oceanic setting.
Psammocora stellata colonies in the eastern tropical Pacific currently inhabit areas
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typified by surface waters with a lower pH, a lower saturation state of carbonate minerals
and a higher partial pressure of carbon dioxide in comparison to other tropical regions
(Manzello et al. 2008).

This species could serve as an example of how similarly

structured corals will respond to the predicted decrease in pH levels (Caldeira and
Wickett 2003; Feely et al. 2004; Orr et al. 2005; Manzello et al. 2008). Adding to the
understanding of this species and its interactions with the surrounding physical processes
may aid in the development of future management strategies.
2.0

Study Area

2.1

Geographic Location

The Galápagos Islands are one several offshore islands within the eastern tropical Pacific
and are subject to complex ocean and atmospheric processes. As mentioned earlier, the
archipelago is predominately influenced by two major currents: the Equatorial
Undercurrent (EUC) and the South Equatorial Current (SEC). The EUC is an eastward
flowing current that surfaces along the western margin of the islands and delivers cool
(14-16°C), nutrient-rich upwelled waters (Glynn et al. 1983). On the eastern side of the
archipelago the islands are subject to the westward flowing SEC which is supplied by the
Peru Current System, bringing cool (19-23°C) waters into the southeast region
(Wellington 1975). Also, influencing the eastern islands is the warm (27-29°C) Panamá
Flow (PF) that provides tropical water into the northeast region from December to April
(Philander 1990; Chavez and Brusca 1991; Glynn 2003).
The intensity of the currents is dependent on the existing atmospheric pressure and trade
wind velocities. Variations in pressure and wind velocities subsequently weaken or
strengthen (depending on direction of variation) the prevailing currents. During these
anomalous periods there is the potential for the formation of an ENSO event. Both the
warm (El Niño) and cool (La Niña) phases of ENSO greatly affect the physical
environment of the Galápagos Islands and its biota (Feingold 2011).
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2.2

Environmental Conditions

The Galápagos Islands are located astride the equator, from 2˚N to 2˚S and between
89˚W and 92˚W. This equatorial location results in consistent, nearly twelve-hour day
lengths. Twice a year (March and September equinoxes) the sun is centered at the
equator at an altitude of 90˚ at noon, and migrates 23.5˚ to the north and south (June and
December solstices) at which times the angle of the sun is 66.5˚ above the horizon. This
high angle of the sun results in the highest levels of solar irradiance on our planet over
the course of the year. In comparison, at higher latitudes, such as Fort Lauderdale,
Florida (26˚N), there is a lower average angle of the sun over the course of the year. On
the June solstice the sun is at a high angle of 87.5˚ above the horizon; however on the
December solstice the sun is much lower at 40.5˚, and at the March and September
equinoxes the sun’s altitude is 64˚ at noon (comparable to the lowest angles experienced
at the study site in the Galápagos Islands). Thus, in Florida, the sun is always to the
south resulting in lower levels of total solar irradiance over the year (Sammons 2008).
Consideration of sun angle is important due to shading effects of the cliffs adjacent to the
Psammocora community under investigation.
Average rainfall is low in the Galápagos Islands, especially when compared to
precipitation averages at other, more coral rich equatorial locations, such as Tahiti
(Figure 6). The archipelago receives a seasonal range from 5 mm in August/September
to 94 mm in March. The sea surface temperature (SST) fluctuates slightly from year to
year (Figure 7). During a seven year period (2004-2011) the mean SST was 23.6˚C, with
mean seasonal low and high temperatures ranging from 21.4˚C to 26.6˚C (NOAA 2011).
Both precipitation and SST are influenced by the Panamá Current and the presence and
phase of an El Niño-Southern Oscillation (Glynn et al. 1991). The air temperatures
coincide with the high and low yearly pattern and range from 21˚C in August/September
to 28˚C in March/April (Figure 8).
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Mean Monthly Precipitation
Galápagos Islands, Ecuador vs. Tahiti, French Polynesia
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Figure 6. Thirty year monthly precipitation averages taken at San Cristóbal, Galápagos Islands and
Tahiti, French Polynesia weather stations (NCDC 2011).
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Figure 7. Mean monthly sea surface temperatures near Xarifa from 2004-2011 (NOAA 2011).
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Mean Monthly Air Temperature
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Figure 8. Thirty-year monthly air temperature averages taken at San Cristóbal, Galápagos Islands
weather station (NCDC 2011).

2.3

Site Description

The study area is located at Xarifa Island in Gardner Bay at Española Island, Galápagos
Islands, Ecuador; coordinates 01˚2128.3 S and 089˚3838.7 W.

Xarifa Island is

approximately 217 m off the northern coast of Española Island, located in the southern
portion of the archipelago (Snell et al. 1996). The island is longer on its north-south axis
(140 m x 90 m) and slopes upward from the northern coast to the southern coast. This
southerly increase in elevation creates tall rock cliffs approximately 15.5 m in height
(from sea level) on the south end of the island. The cliffs are not perpendicular to the sea
floor, having a slight overhang of approximately 70 degrees.
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Figure 9. Aerial image of Xarifa Island indicating study site location and proximity to Española
Island (ESRI 2013).
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Figure 10. Aerial image of study area indicating predominant water flow direction. Note anchorage
site signifying protected side of Gardner Island (ESRI 2013).
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The study site is located on the southwest coast of Xarifa. The site is accessed through a
4.5 m wide entrance which extends north into the site area approximately 3.5 m x 10 m in
size. The area lies underneath a cliff overhang created by the southern edge of the island.
Rocks extend 3 m above sea level west of the site, while a tall dike forms the adjacent
areas south and east of the site.

Figure 11. Heights of the southwestern cliffs of Xarifa surrounding the study site (June 2009). The
red circle marks the opening in the dike. (Photo J. Feingold).

Near the entrance of the site there is a small opening in the dike, which extends slightly
above and below the waterline. The hole leads to the waters southeast of Xarifa allowing
water from the east to continuously surge in and out. The depth beneath the opening is
approximately 2.7 m at high tide and 1.6 m at low tide. Due to the flushing action of
water movement through the opening, a depression approximately 2 m deep is formed
next to the Psammocora community. The substrate within the depression is comprised of
coarse materials such as Eucidaris spines, coral fragments, small basalt rocks and sand.
The heavier weight of these particles, as compared to fine sand or silt, allows them to
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quickly resettle on the bottom. Continuing into the site, the substrate first shifts to small
and large algae encrusted rocks, then opens up to a dense aggregation of Psammocora
stellata colonies. In the center of the site the P. stellata colonies are mainly free-living
and are growing on top of a skeletal framework of dead P. stellata. Along the periphery
there is a greater incidence of encrusting P. stellata colonies likely due to the available
rocky substrates.

Figure 12. Opening in the basalt rock – water surging out (top) and in (bottom) (June 2009) (Photos
J. Feingold).
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3.0

Materials and Methods

3.1

Field Work

3.1.1

Snorkeling surveys

The study area was accessed using a 4 m inflatable boat deployed from the main research
vessel. Snorkeling surveys of the site were conducted on 2 Jun and 3 Jun 2009 at four
separate times: 09:30 and 17:30; 09:30 and 14:30, respectively. Previous surveys were
conducted in 2004, 2007, and an additional survey was conducted in 2011 during which
photoquadrat data were collected.

Observations of the coral community, physical

surroundings, environmental conditions, and associated organisms were made during
these surveys. The survey times allowed for both low and high tide conditions to be
observed. The recorded tide times at Xarifa were compared to the closest (50 km)
available National Oceanic and Atmospheric Administration (NOAA) reference station
which is San Cristóbal Island (NOAA 2008). This reference station serves as a proxy for
Xarifa because the maximum tidal differential predicted for subordinate stations (Isabela,
Floreana, Genovesa) within the archipelago is only sixteen minutes, thus the observed
tides at Xarifa will only differ by a few minutes from the predicted San Cristóbal tide
table. Also, the moon phase was between the first quarter and full moon, defined as
waxing gibbous, which indicates the observed tide heights were near average for this
location.
Table 2. Tide table for San Cristóbal, Galápagos Islands 0˚ 54S, 89˚ 37 W (NOAA 2008).

DATE
2-Jun-2009
2-Jun-2009
2-Jun-2009
2-Jun-2009
3-Jun-2009
3-Jun-2009
3-Jun-2009

TIME
05:07
11:28
17:56
00:08
06:09
12:25
18:52

TIDE
Low
High
Low
High
Low
High
Low
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METERS
0.33
1.71
0.24
1.52
0.36
1.71
0.21

3.1.2

Site Dimensions

The length and width of the site was measured using a 30 m fiberglass measuring tape. A
researcher held each end of the tape and the distance was recorded. The measurements
for each distance were repeated three times and an average was taken.

The same

procedure was used to measure the depths across the site at both high and low tide
conditions.

Cross measurements were made at the entrance and at two additional

locations within the site.

3.1.3

Temperature recorders

The temperature within the site was recorded for nearly 24 hours at 10 minute intervals
using an Onset Computer Corporation Hobo Water Temp Pro V2 underwater temperature
data logger (accurate to ± 0.2°C). The temperature data logger was secured to a subtidal
rock at 2 m depth in the study site on 2 June at 16:40. The rock remained permanently
submerged, ensuring that only water temperatures were recorded without influence of air
exposure. The logger was removed on 3 June at 15:40.
Additional temperature recorders of the same type located approximately 20 m southwest
of the study area at about 3 m depth, were retrieved and exchanged. These recorders are
part of an ongoing long-term study and contain temperature data from all seven years.
This data, although not directly located at the site, provided valuable information about
the surrounding area and was used for comparison.
3.1.4

Water Flow

A basic assessment of the water flow regime was conducted. Although the main entrance
to the site is to the southwest, the main driver of water flow is through the hole within the
southeast rock face. In an effort to understand the basic dynamics of this flow a simple
experiment was employed using a sealable plastic bag filled with seawater, making it
neutrally buoyant. Four trials were conducted on 2 June 2009 at approximately 16:30
during low tide conditions. At the start of each trial the bag was placed at the entrance of
the site and the timer commenced upon release. The direction of movement was noted
and the time elapsed between the release of the bag and the cessation of movement was
recorded.
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3.1.5

Survey of Associated Organisms

During each swimming survey within and around the study site observations of
associated organisms were also made. The surveys were conducted during both low and
high tide conditions and differences in the organisms present at each tide level were
noted. Specific surveys to record the associated organisms were conducted by two
researchers using a zigzag pattern across the entire site. Each researcher performed the
survey twice and the results were compared and recorded. Species were either positively
identified in the field or photographed for later confirmation using identification guides.
Organisms were also identified by examining the photoquadrats from this observation
period as well as from the photoquadrats from previous years used in this study.
3.1.6

Photoquadrats

A 0.5 m x 0.5 m quadrat (0.25 m2) was used to document the live coral cover within the
site. Nylon string divided the quadrat into twenty-five 10 cm x 10 cm sections. The
quadrat was haphazardly placed in a non-overlapping method over the majority (~5083%) of the coral population within the site.

Each placement of the quadrat was

photographed using a Nikon D40 camera in an underwater housing and saved for later
analysis in CPCe. This was the same method used in the previous years included in this
study, however in 2004 and 2007 a Nikon E5000 camera in an underwater housing was
used.
3.2

Data Analysis

3.2.1

Coral Point Count with Excel extensions (CPCe) software

The CPCe (Kohler and Gill 2006) software allows calculations of live coral cover from
manually outlined coral colonies within each photoquadrat. The area for each outlined
colony is based on the scaling calibration initially entered, which is calculated using the
known size of the quadrat. Inherent to this technique is the inability to measure the threedimensional nature of a coral colony. Therefore, the measurements are strictly two
dimensional, resulting in a lower live coral cover percentage than what may be measured
by other methods. However, the photoquadrat method is non-invasive (does not require
the collection and sacrifice of corals) and fast enough to allow more area to be surveyed.
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To remain conservative, shaded portions of the coral were excluded during outlining, as
were sections of the quadrat, specifically the PVC crossbars that obstructed a clear view
of a colony edge.
Overall, from 2004 through 2011, 153 photoquadrats were analyzed using data from 2004
(30 quadrats), 2007 (38 quadrats), 2009 (50 quadrats), and 2011 (35 quadrats). Each
quadrat was analyzed in CPCe to calculate the area of each colony within the quadrats.
This data was then used to determine the overall live coral area per m2 and the overall
percent cover. Also, the density and the mean colony size were calculated for each year.

Figure 13. Left: Screenshot of the image and calibration process in the CPCe software program.
Right: Screenshot showing the traced coral colony areas.

3.2.2

Statistical Analysis

The datasets were analyzed in Excel using the data analysis toolpak and as a form of
redundancy the tests were also conducted in Statistica. The mean live coral cover per
quadrat per year was first tested using F-test which indicated homoscedasticity, allowing
an ANOVA to be conducted. The post-hoc test Tukey HSD for unequal means was used
to determine where the significant difference occurred. When comparing a small number
of samples the Tukey HSD is considered as a robust test (Zar 1984). The same procedure
was used in the analyses for density and mean colony size; however, due to
heteroscedasticity the Kruskal-Wallis non-parametric test was used.
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4.0

Results

4.1

Site Dimensions

Length and Width
The entrance into the site is approximately 4.5 m wide between the southern cliffs of the
island and the rocks forming the western wall of the community. Four meters into the
site the width decreases to 3.0 m.

Beyond the midpoint the width increases to

approximately 3.8 m and then tapers off to round out the back wall, which is about 12 m
from the entrance (Figure 14). Although the area extends 12 m from the entrance, the
area beyond approximately the 10 m mark is devoid of P. stellata colonies and recesses
into a cave-like overhang (Figure 15).
A slight overhang within the rock face that is submerged during both low and high tides
marks the base of eastern wall. The western wall is constructed of large basalt rocks that
rise approximately 3 m above sea level at high tide.
Tide and Depth
Tidal levels were recorded during the swimming surveys that were conducted at 9:30 and
17:30 on 2 Jun 2009 and at 9:30 and 14:30 on 3 Jun 2009. High tide conditions were
observed during each morning survey and low tide conditions at each afternoon survey.
These observed tide levels coincide with the predicted high and low tides for San
Cristóbal listed in Table 2.
During low tide the depth at the entrance is 1.6 m and steadily decreases towards the back
of the site to 0 m. Beyond this point to water levels decreases to zero where only rocks
and algae are present. During high tide conditions the depth is 2.7 m at the entrance,
decreasing to approximately 0.5 m (Figure 14). It is important to note that the tidal levels
measured near the back wall may have been influenced by water surging in and out of the
site. This surging action made taking measurements at this extremely shallow depth
more difficult.
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Figure 14. Site map indicating the distances from the entrance (0-12m) and the width across at 3
locations. The numbers in the boxes represent the depth in meters and low (red) and high (blue)
tides. The green numbers and arrows represent the water flow trials 1-4.
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Table 3. Depths within the site at low and high tides.

Distance from Entrance
0m
4m
7m
10 m
12 m

Water Depth
Low Tide
1.6 m
0.9 m
0.6 m
0.5 m
0m
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High Tide
2.7 m
2.0 m
1.5 m
1.0 m
0.5 m

Figure 15. Site map with total area with extant coral highlighted. The site area measurement was
performed using CPCe. The total coral area (gray) is approximately 20 m2 and the high density coral
area (orange) is approximately 15 m2.
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Figure 16. Site map displaying Psammocora stellata colonies and surrounding features.
submerged basalt rocks were used as landmarks.
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The

The site map provides a simplified layout of the overall site (Figure 16). Psammocora
stellata colonies are present between approximately 0 m and 8m distance into the coral
habitat, covering an overall area of approximately 20 m2. However, the colonies are at a
higher density towards the center of the site covering an area of approximately 15 m2
(Figure 15). Here the free-living colonies are built upon a substrate consisting of dead P.
stellata skeletons and crustose coralline algae (CCA) encrusted rocks intermixed with
coarse sediments. Along the edges of the site and towards the back P. stellata colonies
decrease in density and are found encrusting the basalt rock alongside with the red alga
Chondrus hancockii (Schneider pers. com.) and CCA.
Pavona colonies are present in the center area among P. stellata, however the larger
Pavona colonies are encrusting the base of the overhang along the eastern wall. Also
attached on the underside of this overhang are colonies of Tubastraea coccinea, hydroids,
CCA and Chondrus hancockii.
The overlapping large basalt rocks form the western wall and create underwater ledges
and crevices as well as shelves that sit above the water and serve as resting spots for the
transient sea lions.
Light
The orientation of the site with respect to the surrounding physical features naturally
limits the amount of sunlight able to reach within the site. The combination of the 15.5 m
tall overhanging cliffs forming the southern coast of Xarifa, the 12.5 m tall dike and the 3
m tall rocks along the western part of the site provides multiple barriers limiting the solar
irradiance. The southwestern position (relative to Xarifa) of the site also aids in blocking
the eastern leg of the sun’s daily east-west migration. During afternoon surveys direct
sunlight was observed touching the eastern wall of the site and reaching towards the
center between the 0 m (entrance) and 7 m marks (Figure 17). Thus the colonies situated
in the eastern-most edge of the community receive the most light. Approximately 65% of
the site only receives indirect sunlight, however this observation was made in June,
which is near the summer solstice during which the sun is near its most northern point in
relation to the equator. As the sun migrates south for the winter solstice the shift in sun’s
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angle, though slight, may cause an change in the amount direct light reaching into the site
and affect different areas of the community.

Figure 17. Site map indicating area observed with direct sunlight. The highlighted area comprises
approximately 35% of the site area with corals present.
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4.2

Temperature

The Onset Computer Corporation underwater temperature data logger was secured to a
submerged rock at 2 m depth in the study site on 2 June at 16:40. Temperature readings
were taken every 10 minutes for a period of 23 hours. The logger was removed on 3 June
at 15:40. The mean temperature recorded was 24.1˚C, with a maximum of 24.7˚C and a
minimum of 23.4˚C, indicating a range of 1.3˚C for that time period. As noted in Figure
18, the high and low temperatures coincide with low and high tides, respectively. High
and low tides were determined using the aforementioned San Cristóbal tide table (Table
2) and were confirmed during the swimming surveys. The lower temperatures at high
tide can be attributed to the cool water from lower in the water column rushing in from
the southeast.

Temperature within Psammocora Community
2 June - 3 June 2009
25.0

Temperature (˚C)

24.5
24.0

Low Tide

23.5

Low Tide

High Tide

23.0

High Tide
22.5
22.0

Time of Day
Figure 18. Temperature recorded in the site at 10-minute intervals during an approximate 24-hour
period from 2 June to 3 June 2009.
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The temperature logger located 20 m southwest of the site recorded temperatures from 19
May 2004 to 7 June 2011, in either 1 or 2 hour intervals. The recorder was secured at a
depth of approximately 3 m. For comparison, temperature data from the time period
described above (Figure 18) was extracted from this long term dataset and is presented in
Figure 19. The mean temperature recorded for that time period was 24.0˚C, with a
maximum of 24.7˚C and a minimum of 22.8˚C, indicating a range of 1.9˚C.

Temperature Recorded 20 m SW of Psammocora Community
2 June - 3 June 2009
25.0

Temperature (˚C)

24.5

24.0

Low Tide

23.5

Low Tide

23.0

22.5

High Tide
High Tide

22.0

Time of Day
Figure 19. Temperature recorded 20 m southwest of the site at 1-hour intervals during a 24-hour
period from 2 June to 2 June 2009.

Temperature data for the entire time period (2004-2011) were also analyzed using daily
and monthly averages. The maximum temperature recorded during the seven years was
28.9˚C in 2006 and the minimum temperature was 16.8˚C in 2007. Figure 20 presents
the mean daily temperatures recorded 20 m southwest of the Psammocora community. A
mean was also calculated for each day across every year recorded, and the difference of
each individual temperature recording from its respective daily mean was calculated.
This produced a set of temperature anomalies (Figure 21) for each day of the year using
the in situ temperature readings.

Table 4 and Figure 22 show the mean monthly
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temperatures from 2004-2011 and the above method was used to also calculate monthly
temperature anomalies (Figure 23).
Mean Daily Temperature 20 m SW of Psammocora Community
30
28

Temperature ˚C

26
24
22
20
18
16
JAN

FEB MAR APR MAY JUN
2004

2005

2006

JUL

2007

AUG SEPT OCT NOV DEC
2008

2009

2010

2011

Figure 20. Mean daily temperatures recorded 20 m southwest of site from 2004 to 2011. The
maximum recorded temperature was 28.9˚C (2006) and the minimum was 16.8˚C (2007).
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Temperature Anomalies from 2004-2011 Daily Means
4.0
3.0
2.0

Anomaly

1.0
0.0
-1.0
-2.0
-3.0
-4.0
-5.0
JAN

FEB MAR APR MAY JUN
2004

2005

2006

JUL AUG SEP OCT NOV DEC

2007

2008

2009

2010

2011

Figure 21. Temperature anomalies calculated from daily means across each year.
Table 4. Mean monthly temperatures recorded from 2004 to 2011 southwest of the site at
approximately 3 m depth.

Month
J
F
M
A
M
J
J
A
S
O
N
D
24.6 26.1 26.4 25.7 24.6 23.4 22.4 21.4 21.3 21.6 22.4 22.9
˚C
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Monthly Mean Temperatures 2004-2011
20 m SW of Psammocora Community
30
29
28

Temperature ˚ C

27
26
25
24
23
22
21
20
19
18
JAN

FEB

MAR

APR

2004
2009

MAY

JUN

2005
2010

JUL

AUG

2006
2011

SEP

OCT

NOV

2007
Mean

DEC

2008

Figure 22. Monthly mean temperatures recorded at 20 m southwest of site from 2004 to 2011.

Temperature Anomalies from 2004-2011 Monthly Means
4
3
2

Anomaly

1
0
-1
-2
-3
-4
JAN

FEB

MAR
2004
2008

APR

MAY

JUN
2005
2009

JUL

AUG

SEP

OCT

2006
2010

Figure 23. Temperature anomalies calculated from monthly means across each year.

46

NOV
2007
2011

DEC

4.3

Water Flow

The starting positions and tracks for each trial are illustrated in Figure 14.
Trial 1
In 30 seconds the bag was pulled out through the opening in the southeast rock face. By
luck the bag was returned by a helpful sea lion. The bag was released two more times
from this point and each time the bag was carried towards the opening, however the bag
was recaptured before it was sucked through to the other side.
Trial 2
The bag was placed a meter further into the site and released. It took the bag 2 min 30
seconds to reach a resting point 6 m NNW into the site, indicating a speed of
approximately 0.04 m/s.
Trial 3
The bag was placed at the same starting position as in trial 2. During this trial the bag
floated along the eastern wall and ceased movement 5 m NNW into the site. It took 1
min 30 seconds to reach the stopping point, indicating a speed of approximately 0.05 m/s.
Trial 4
The bag was placed in the same starting position as in trials 2 and 3. The path was again
along the eastern wall and the end point was 5 m NNW into the site. It took 2 min for the
bag to cease movement, indicating a speed of approximately 0.04 m/s.
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4.4

Species List

Table 5. Associated organisms within the Psammocora community observed during four surveys on 2
June and 3 June 2009 and from photographs taken during earlier trips. Abundance scale: S-Single;
F-Few 2-10; M-Many 11-100; A-Abundant > 100 (REEF 2012).

Common Name

Scientific Name
VERTEBRATE
Galápagos Ringtail Damselfish Stegastes beebei
Yellowtail Damselfish
Stegastes arcifrons
Giant Hawkfish
Cirrhitus rivulatus
Flag Cabrilla
Epinephelus labriformis
Mexican Hogfish
Bodianus diplotaenia
Cortez Sea Chub
Kyphosus elegans
Spinster Wrasse
Halichoeres nicholsi
Panamic Soldierfish
Myripristis leiognathos
Barberfish
Johnrandallia nigrirostris
Blacktip Cardinalfish
Apogon atradorsatus
Stone Scorpionfish
Scorpaena plumieri mystes
Black Striped Salema
Xenocys jessiae
Galápagos Sea Lion
Zalophus californianus wollebaeki
INVERTEBRATES
Pencil Sea Urchin
Eucidaris galapagensis
Orange Cup Coral
Tubastraea coccinea
Scleractinia
Pavona spp.
Hermit Crabs
Paguroidea
Brown Sea Cucumber
Isostichopus fuscus
Hydroids
Leptothecata
RED ALGAE
Rhodolith
Lithothamnion spp.
Rhodolith
Lithophyllum spp.
Red Algae
Chondrus hancockii

4.4.1

Abundance
F
M
F
S
S
S
S
M
F
A
S
A
F
F
M
F
M
S
M
M
M
M

Associated Species Behavior

Vertebrates
During high tide conditions a dense school of blacktip cardinalfish (Apogon
atradorsatus) was observed hovering over the Psammocora community (Plate 2). An
attempt was made to photograph A. atradorsatus for quantification purposes however
each time the quadrat was laid down the school would scatter and remain outside of the
quadrat. Apogon atradorsatus are nocturnal planktivores that seek shelter during the day
in shallow caves, beneath rock or lava ledges, and other shaded areas on rocky reefs
(Grove and Lavenberg 1997; Humann and DeLoach 2003). They are endemic to the
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Galápagos, Cocos and Malpelo and are considered one of the most abundant cardinalfish
in the archipelago.

Plate 2. Blacktip cardinalfish (Apogon atradorsatus) within the study site in June 2009 during high
tide conditions (Photo J. Feingold).

In 2004 and 2005, similar behavior was observed with black striped salema (Xenocys
jessiae) hovering above the coral community during site surveys (Plate 3). Xenocys
jessiae are also planktivores and inhabit areas with sandy bottoms adjacent to corals
where strong currents flow. They are endemic to the Galápagos, mainly found in the
southern and central islands (Grove and Lavenberg 1997).
Other species of reef fish (listed in Table 5) were observed swimming in and out of the
site, however most notable were the juvenile yellowtail damselfish (Stegastes arcifrons).
The small fish were found hovering above and within the branches of P. stellata. Fish
count surveys were performed by swimming a zig-zag pattern over the site recording the
number of juvenile and adult S. acrifrons observed. An average of 10 adults and 76
juveniles were observed.
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Plate 3. Black striped salema (Xenocys jessiae) schooling (left) and hovering above site (right) during
May 2004 survey (Photos J. Feingold).

Sea lions (Zalophus californianus wollebaeki) were regularly swimming in and out of the
site and resting on the rocks surrounding the site. When measurements were being taken
they would playfully bite the measuring tape and quadrats (Plate 4). More notably, the
sea lions were observed picking up and tossing the P. stellata colonies.

Plate 4. Sea lion (Zalophus californianus wollebaeki) playing with quadrat within the study site in
June 2009 (Photo J. Feingold).

Invertebrates
Colonies of orange cup coral (Tubastraea coccinea) were found along the eastern wall of
the site, where the base of the cliffs creates a slight overhang (Plate 5).

This

azooxanthellate coral species is typically found in lowlight habitats such as the underside
of large rocks, in caves and on rock walls (Glynn et al. 2008). Also observed encrusting
the eastern wall were the zooxanthellate corals Pavona species (Plate 5). Pavonids are
characterized as encrusting, foliaceous, massive, laminar or columnar colonies (Veron
2000). Pavona colonies were also dispersed towards the center of the site, intermixed
with P. stellata colonies.
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Plate 5. Orange Cup Coral (Tubastraea cocinea) (left) and Pavona sp. attached to the eastern wall
overhang (June 2009) (Photos J. Feingold).

Another invertebrate within the site is the pencil sea urchin (Eucidaris galapagensis).
Although only a few individuals (Plate 6) were observed during the surveys, the species
is ubiquitous throughout the archipelago.

Plate 6. Pencil sea urchin (Eucidaris galapagensis) within the study site in June 2005 (Photo J.
Feingold).

Red Algae
Rhodophyta, including Chondrus hancockii and species in the genera Lithothamnion and
Lithophyllum, were observed within the site encrusting periphery rocks, dead coral,
scattered rocks and among live corals (Plate 7). Identification of the red algae was done
with the help and expertise of Dr. Craig Schneider of Trinity College.
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Plate 7. Lithothamnion spp. (left), Lithophyllum spp. (middle), Chondrus hancockii (right) within the
study site in June 2009 (Photos J. Feingold).

52

4.5

Statistical Analysis

Overall, photoquadrat data were collected in 2004, 2007, 2009, and 2011. Each year an
effort was made to sample 50 quadrats, as was done in 2009, however due to differing
time constraints on each survey, the sample size varied across years. 6 summarizes the
sampling effort of this study. Also included are the area sampled each year as well as the
percent of the total area sampled based on the site dimensions described in Section 4.1.
Although the sample size fluctuated, 50% or more of the study site was sampled each
year.
Table 6. Summary of the overall sampling effort. The percent of total area sampled is based on the 15
m2 coral area.

Data
Quadrats Sampled
Area Sampled
Percent of Total Area Sampled

2004
30
7.5 m2
50%
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2007
38
9.5 m2
63%

2009
50
12.5 m2
83%

2011
35
8.8 m2
59%

4.5.1

Psammocora stellata Area Cover

Table 7. Psammocora stellata coral cover summary data. Means are presented with standard
deviation (±SD).

Year

Total Quadrats

Mean Coral Area (m2)

2004
2007
2009
2011

30
38
50
35

0.10 (± 0.05)
0.14 (± 0.05)
0.12 (± 0.06)
0.15 (± 0.06)

n=38

Percent Coral Cover
for entire site
39.72%
55.29%
49.49%
58.28%

Mean Psammocora stellata Area (m2) and Percent Cover per Year

100%

0.25
58.28%
55.29%

80%

0.20
49.49%
0.15

39.72%

0.14

0.15
0.12

0.10
40%

0.10

20%

0.05

0%

30

ND

ND

38

ND

50

ND

35

2004

2005

2006

2007

2008

2009

2010

2011

Area (m2)

Percent Cover

60%

0.00

Year
Figure 24. Mean (±SD) Psammocora stellata area (m2) (blue bars) and percent cover per m2 (red line)
per year. The number of quadrats sampled each year are presented in white.

Overall mean live coral cover m2 quadrat fluctuated from 2004 to 2011, increasing from
0.10 m2 (± 0.05) in 2004 to 0.14 m2 (±0.05) in 2007, then slightly decreasing to 0.12 m2
(±0.06) in 2009 and increasing again to 0.15 m2 (±0.06) in 2011. The variances among
the four years were not significantly different (F=1.41, p=0.17), fitting the assumption for
the ANOVA test to be run. The ANOVA indicated that there are significant differences
among means (one-way ANOVA: F3,149=4.41, p=0.01).

To determine where the

differences exist a post-hoc comparison using the Tukey HSD for unequal N was
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performed. The analysis indicated that then mean live coral cover in 2004 is significantly
different from the 2007 and 2011 means.
Table 8. Results of a one-way ANOVA comparing mean coral cover per m2 per year. Significant
results (α< 0.05) are italicized and in bold.

Source of
Variation
Between Groups
Within Groups

SS

df

MS

F

p-value

Fcrit

Conclusion

0.040517
0.456513

3
149

0.013506
0.003064

4.41

0.01

2.67

Reject

Table 9. Results of a Tukey HSD for unequal N comparing coral cover per m2 per year. Significant
results (qcritical=3.63, α< 0.05) are italicized and in bold.

Annual Comparison
2011 vs. 2004
2011 vs. 2009
2011 vs. 2007
2007 vs. 2004
2007 vs. 2009
2009 vs. 2004
Comparison Outcome:

q-statistic
4.76
2.55
0.78
4.10
1.76
2.70

p-value
0.006
0.345
0.943
0.033
0.664
0.319

2004

2009
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Conclusion
Reject
Fail to reject
Fail to reject
Reject
Fail to reject
Fail to reject
2007

2011

4.5.2

Psammocora stellata Density

Table 10. Psammocora stellata colony and density data. Means are presented with standard deviation
(±SD).

Year

Total Quadrats

Total
Colony Number

Density
(colonies per m2)

2004
2007
2009
2011

30
38
50
35

1932
3755
5808
5356

257.60 ± 61.85
395.26 ± 198.62
464.64 ± 233.10
612.11 ± 244.66

Psammocora stellata Density (m2)
900
612.11

Number of Colonies per m2

800
464.64

700
395.26
600
500
400
257.60
300
200
100
0

30

ND

ND

38

ND

50

ND

35

2004

2005

2006

2007

2008

2009

2010

2011

Year
Figure 25. Mean coral density (±SD) per year. The number of quadrats sampled each year are
presented in white.

The coral density (per m2) increased from 2004 to 2011. In 2004 P. stellata density
averaged 257.60 (±61.85) colonies m-2, in 2007 395.26 (±198.62) colonies m-2, in 2009
464.64 (±233.10) colonies m-2 and in 2011 612.11 (±244.66) colonies m-2 (Figure 25).
The variances among the four years were significantly different (F=15.65, p<0.001). The
heteroscedasticity among years does not meet the assumptions required to run the
ANOVA test, therefore a non-parametric comparison using the Kruskal-Wallis test was
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performed. The Kruskal-Wallis test indicated that there are significant differences among
means at the p<0.05 level (H=38.70, p<0.001). The ANOVA test is considered robust
even with heterogeneity of variances thus as a source of redundancy this test was also run
(Box 1945). The ANOVA concluded the same results as the Kruskal-Wallis test. The
Tukey HSD for unequal N test found the differences to exist in each comparison except
for 2009 versus 2007.

Table 11. Results of a Kruskal-Wallis non-parametric one-way analysis of variance of density per m2.
Significant results (α< 0.05) are italicized and in bold.

H
38.70

Hcrit
7.81

df
3

p-value
<0.001

Conclusion
Reject

Table 12. Results of a Tukey HSD for unequal N comparing density per m2. Significant results
(qcritical=3.63, α< 0.05) are italicized and in bold.

Annual Comparison
2011 vs. 2004
2011 vs. 2007
2011 vs. 2009
2009 vs. 2004
2009 vs. 2007
2007 vs. 2004
Comparison outcome:

q-statistic
9.87
6.36
4.63
6.21
2.18
3.95

p-value
<0.001
<0.001
0.014
0.001
0.453
0.046

2004

2007
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Conclusion
Reject
Reject
Reject
Reject
Fail to reject
Reject
2009

2011

4.5.3

Psammocora stellata Colony Size

Table 13. Psammocora stellata colony size (cm2) summary data. Means are presented with standard
deviation (±SD).

Year
2004
2007
2009
2011

Total quadrats
30
38
50
35

Mean Colony Size
3.85 (±4.97)
3.50 (±4.02)
2.66 (±3.49)
2.38 (±3.09)

Maximum
51.88
39.50
38.97
33.65

Minimum
0.06
0.04
0.02
0.03

Mean Colony Size per Year
10.00

Mean Colony Size (cm2)

9.00
8.00
7.00
6.00
5.00
4.00

3.85

3.50
2.66

3.00

2.38

2.00
1.00
0.00

2004

50

38

30
2005

2006

2007

2008

2009

35
2010

2011

Year
Figure 26. Mean (±SD) colony size per year. The number of quads sampled each year are presented
in white.

The mean size of live coral colonies decreased from 2004 to 2011. In 2004 colony size
averaged 3.85 cm2 (± 4.97), in 2007 3.50 cm2 (± 4.02), in 2009 2.66 cm2 (± 3.49) and in
2011 2.38 cm2 (± 3.09). The variances among the four years were significantly different
(F=2.58, p<0.001). Again, due to heteroscedasticity a non-parametric comparison using
the Kruskal-Wallis test was performed. The Kruskal-Wallis test indicated that there are
significant differences among means at the p<0.05 level (H=19.8, p<0.001).

The

ANOVA test is considered robust even with heterogeneity of variances thus as a source
of redundancy this test was also run and concluded the same results as the Kruskal-Wallis
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test (Box 1945). The Tukey HSD for unequal N test found the differences to exist
between each year except between 2004 versus 2007 and 2009 versus 2011. The general
trend is that colonies are getting smaller over the course of these surveys.

Table 14. Results of a Kruskal-Wallis non-parametric one-way analysis of variance of colony size per
year. Significant results (α< 0.05) are italicized and in bold.

H
19.85

Hcrit
7.81

df
3

p-value
<0.001

Conclusion
Reject

Table 15. Results of a Tukey HSD for unequal N comparing colony size per year. Significant results
(qcritical=3.63, α< 0.05) are italicized and in bold.

Annual Comparison
2004 vs. 2011
2004 vs. 2009
2004 vs. 2007
2007 vs. 2011
2007 vs. 2009
2009 vs. 2011
Comparison outcome:

q-statistic
21.30
17.25
4.79
20.00
15.27
4.06

p-value
0.003
0.038
0.936
<0.001
0.001
0.840

2004

2007
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Conclusion
Reject
Reject
Fail to reject
Reject
Reject
Fail to reject
2009

2011

5.0

Discussion

5.1

Site Description

Coral reefs and coral communities require environmental conditions such as warm
temperature (~18°-30°C), oceanic salinity values (~32-36 ‰), sufficient, but not too
many nutrients, aragonite saturation states conducive to carbonate precipitation, sufficient
light to allow zooxanthellae to photosynthesize effectively, and turbidity to allow
sufficient light penetration and avoid sedimentation stress in the polyps. In general, these
values need to be within a relatively narrow range in order for corals to persist in a
location. Also contributing to coral survival and persistence are water flow dynamics and
biological variables such as disease and larval sources (Goldberg 2013; Kleypas 1999).
These factors are not independent of one another and it is their complex interaction that
influences the sustainability of the reef or community. In this study temperature, depth,
water flow, and light were quantitatively assessed at the site; the latter two being only
basic assessments supported with qualitative observations.
5.1.2

Depth and Light

The depth range of hermatypic corals is largely dependent on level of solar irradiance
penetrating the water column. Both high and low levels of solar irradiance may limit the
ability of a coral to persist in a particular location.

The typical depth range for

Psammocora stellata is 0-20 m, however the species regularly occupies depths ranging
from 5-15 m and has been recorded to depths of 30-35 m in the Hawaiian Islands (Glynn
2003; Guzman and Cortes 2001; Cortes and Jimenez 2003; Cortes 1990; Reyes-Bonilla
2001; Feingold 2001; Maragos et al. 2004; Carpenter et al. 2008). In this study the depth
ranged from approximately 1-3 m, which is within the documented range however this
depth is not typically utilized by species (Carriquiry et al. 2001; Jiménez and Cortés
2003; Ochoa López and Reyes-Bonilla 1997). The study site is particularly shallow for
P. stellata yet it does contain the features characteristic of deeper populations, such as
cool water flushing and a lower light regime (Feingold 1995; 2001).
The light availability at the study site is not determined by depth; it is the surrounding
physical features that limit the level of irradiance. The tall basalt structures that form the
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perimeter of the study site serve as permanent barriers and effectively block direct
morning sunlight. This allows only for the afternoon sunlight to enter the site at an angle
determined by the position of the lower western basalt formations and the sun’s
inclination. Although approximately 35% of the site received direct sunlight during
observations in June 2009 it is possible more sunlight may enter the site between
September and March when the sun is closer to being directly above the Tropic of
Capricorn. However, due to the site’s proximity to the equator, the small variation in the
sun’s angle throughout the year may not significantly affect the overall irradiance within
the site. The combination of the physical features and the limited variation in the angle of
the sun results in levels of solar irradiance suitable for the persistence of P. stellata within
the study site.
5.1.3

Precipitation/Salinity/Water Flow

The physical features also influence the water flow dynamics within the site. The
opening in the southeast rock face allows water to rush in and out, resulting in a flushing
action over the corals. Water motion can play an important role during elevated water
temperatures through removal of toxins and increasing the food supply (Feingold 1996).
It also helps prevent sediment from accumulating on the surface of the corals, which
could smother the coral and inhibit feeding activities and cause the coral to divert energy
to sediment removal instead using it for important physiological processes (Goldberg
2013). The water flow dynamics paired with the coarse sediment composition found
within the site provides a balance of water movement without increased turbidity which
aids in the maintenance of this P. stellata population.
Water flow on a larger scale, namely oceanic currents, plays a key role in governing the
climate and seasonality within the archipelago. Typically, during the boreal summer and
fall months (May-November) the Equatorial Undercurrent (EUC) and South Equatorial
Current (SEC) are strongly developed and bring cooler waters into the archipelago. The
cooler waters are known as the Equatorial Surface Waters (ESW) and are characterized
by salinities greater than 34 parts per thousand (‰) (Sweet et al. 2007). During this
period the Intertropical Convergence Zone (ITCZ) is near its northern limit, resulting in
lower precipitation and increased strength of the southeast trade winds across the islands.
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As the ITCZ shifts southward (December-April), precipitation increases and the trade
winds decrease, allowing Tropical Surface Water (TSW) driven by the Panamá Flow to
bath the islands in warmer, fresher (< 34 ‰) waters. Although salinity concentrations
vary seasonally within the Galápagos they fluctuate within the tolerable range (32-36 ‰)
for scleractinian corals (Goldberg 2013; Sweet et al. 2007). A restricted range of salinity
concentrations is important because corals are stenohaline and do not possess robust
mechanisms of osmoregulation; therefore, they are subject to ambient salinities and their
physiological processes may be affected by changes in concentrations. Although the
Galápagos present many environmental challenges, salinity concentrations likely remain
in an acceptable range for the persistence of the P. stellata population at the study site.

In the Virgin Islands, Costa Rica and the Society Islands cloud cover has been attributed
to the lack of coral bleaching events during periods of anomalous sea surface
temperatures. Increases in cloud cover during elevated sea surface temperatures aided in
alleviating solar radiation stress on corals and their symbionts (Jiménez and Cortés 2003).
The basalt structures at the study site may function similarly as physical barriers to solar
radiation. This protection may be an advantage during mild and moderate ENSO events
within the site, allowing the corals a longer period to recover between major ENSO
events.
5.1.4

Temperature

Temperature is a determining factor in the latitudinal distributions of corals. Generally,
shallow-water (0-70 m) reef-building corals are found in the lower latitudes between
30°N and 30°S in tropical and sub-tropical seas that do not reach below 18°C for
prolonged periods of time (NOAA 2012). The optimal temperature range for coral
growth is between 23° and 29°C, however exceptions occur in which corals are able to
temporarily withstand temperatures as low as 11°C and as high as 40°C (NOAA 2012;
Veron 2000).

Corals in the Galápagos Islands are able to tolerate temperatures

considered relatively low for hermatypic corals. The mean sea surface temperature (SST)
is 23.5°C, ranging on average from 21.5-21.8°C in the cool season and 25.5-25.7°C in the
warm season (Glynn et al. 1988, Podestá and Glynn 1997). Harris (1969) proposed five
SST zones for the Archipelago (Figure 27) using Zone 1 (central islands) as the baseline
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and defining the remaining zones as thermally higher or lower. Wellington et al. (2001)
confirmed the distinction of zones however the study found the temperature differences
among zones to be of lesser magnitude than originally suggested. The study site is
located in Zone 2 (warm temperate-subtropical), which is considered to be relatively
cooler than 3 of the 4 other locations in the Archipelago due to the influence of SEC.

Figure 27. The five sea surface temperature zones Harris (1969) proposed for the Galápagos Islands.
Zones 1 and 4 are subtropical and vary with the seasonal cycle. In comparison, Zone 2 (warm
temperate-subtropical) is cooler, Zone 3 (subtropical-tropical) is warmer and Zone 5 (warmtemperate) is the coolest (Glynn et al. 1983, Wellington et al. 2001).

Water temperatures were recorded both within the site and approximately 20 m southwest
of the site. The temperature logger within the site was submerged for nearly 24 hours
and recorded a mean temperature of 24.1˚C. The maximum (24.7˚C) and minimum
(23.4˚C) temperatures corresponded to the outgoing and incoming tides, respectively.
The temperatures recorded outside the site (maximum=24.7˚C; minimum=22.8˚C) during
this time period followed a similar tidal pattern however the temperature oscillations
between low and high tides were greater in magnitude demonstrating a range of 1.9˚C.
The maximum and mean temperatures for both inside and outside of the site
corresponded closely; however the minimum temperatures differed by 0.6˚C. Long-term
temperature data within the site would allow comparisons over a greater temporal scale to
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determine if the magnitude of temperature oscillations is indeed lesser within the site than
outside the site. If this pattern is consistent, then the physical features of the site may
play a significant role in creating a better coral microenvironment (Figure 18; Figure 19).
The temperature logger outside of the site is part of a long-term study and provided seven
years of in situ temperature data. During 2004–2011 the coolest year was 2007 with a
mean of 22.3°C and reached a low temperature of 16.8°C. The warmest temperature
recorded was 28.9°C in 2006, however the yearly means for 2006, 2008, and 2009 were
each 24.3°C. The cool season (May-November) mean was 22.5°C and the warm season
(December-April) mean was 25.1°C. Overall the in situ data agreed with satellite SST
data retrieved by NOAA (2011) (Figure 28); however, there were slight variations in the
absolute maximum and minimum temperatures recorded, demonstrating the importance
and benefit of using in situ instrumentation to understand environments on a fine-scale.
The absolute temperature is an important parameter to measure when assessing coral
populations, however temperature anomalies have a greater effect on local response of
corals (Anthony et al. 2007; Feingold 2011; Glynn 1990; Glynn 1994).
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Monthly Mean Sea Surface Temperatures 2004-2011
Comparison of in situ versus NOAA Satellite at 1˚S 90˚W
28
27

Temperature ˚ C

26
25
24
23
22
21
20
19
JAN

FEB

MAR

2004
2008
Mean in situ

APR

MAY

JUN

2005
2009
Mean NOAA

JUL

AUG
2006
2010

SEP

OCT

NOV

DEC

2007
2011

JAN
FEB
MAR APR MAY JUN
JUL
AUG
SEP
OCT NOV DEC
-0.19
0.24
0.15
0.18
-0.17
0.03
0.03
-0.04
0.07
0.13
-0.22
-0.06
Figure 28. A comparison of the in situ (20 m SW of study site) and NOAA SST data from 2004-2011.
Each year has two data series reflecting the two data sources. The table displays the anomalies of the
in situ data from the NOAA data for the overall year means (NOAA 2011).

Temperature anomalies were calculated for the in situ data using means for each day and
each month across all seven years. The difference between an individual day and an
individual month from its respective daily or monthly mean was used to calculate daily
and monthly anomalies for 2004-2011. The daily anomalies are helpful in displaying the
small-scale variability experienced near the study site.

In Table 16 the minimum,

maximum, mean and range are given for each year, however note that temperature
recordings begin in May of 2004 and end in June of 2011, resulting in 2004 data to be
mostly during the cool season and 2011 in the warm season. Although this lapse in data
skews the individual data for 2004 and 2011, it does not affect the means from which the
anomalies were calculated.
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Table 16. Descriptive statistics for the daily temperature anomalies during 2004-2011. Anomalies are
calculated based on daily averages over the 7 year sampling period. 2004 data includes 227 days from
May to December. 2011 data includes 158 days from January to June. Yearly means are given with
standard deviations.

Parameter 2004
2005
2006
2007
2008
2009
2010
2011
2.78
1.83
3.48
1.89
2.92
2.92
1.94
3.04
Max
-2.84
-4.25
-2.83
-4.56
-3.89
-2.68
-3.89
-1.42
Min
5.62
6.09
6.31
6.45
6.81
5.60
5.83
4.47
Range
-0.25
-0.26
0.72
-1.37
0.73
0.70
-0.64
0.60
Mean
(±1.09) (±0.86) (±1.29) (±1.45) (±1.20) (±0.95) (±1.39) (±0.89)
(SD)
In an effort to highlight the yearly temperature trends the monthly anomalies are
displayed as area graphs in Figure 29. The anomalous temperature graphs are useful in
comparing the recorded data to ongoing ENSO monitoring programs; however,
differences in anomaly magnitudes may occur due to the base period and geographic area
used to calculate the anomalies. As stated earlier the base period for this study is 7 years
while NOAA uses a thirty-year base period for the Oceanic Niño Index and measures
SST anomalies (using a three month running mean) in the region encompassing 5°N-5°S
to 120°-170°W (NOAA 2016). Despite the differences, overall trends can be inferred
from the graphs. According to the NOAA Climate Prediction Center, El Niño conditions
were documented for mid to late 2004, late 2006, and mid 2009 into early 2010. La Niña
conditions were documented for late 2005 into early 2006, mid 2007 into early 2008, and
mid 2010 into early 2011. The in situ data mirrors the remotely sensed warm and cold
periods, especially in the case of 2007, which recorded negative anomalies for most of
the year. In respect to corals and their symbionts, both warm and cold episodes are
potentially stressful and it is the combination of the absolute temperature, the departure
from the mean temperature, and the duration of the anomalous event that affects the
species response.
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Figure 29. Temperature anomalies calculated from 2004 through 2011 from monthly mean temperatures.
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2009 Temperature Anomalies

4.0
3.0
2.0
1.0
0.0
-1.0
-2.0
-3.0
-4.0

Anomaly ˚C

Anomaly ˚C

2008 Temperature Anomalies
4.0
3.0
2.0
1.0
0.0
-1.0
-2.0
-3.0
-4.0

Month

Month

2011 Temperature Anomalies

4.0
3.0
2.0
1.0
0.0
-1.0
-2.0
-3.0
-4.0

Anomaly ˚C

Anomaly ˚C

2010 Temperature Anomalies
4.0
3.0
2.0
1.0
0.0
-1.0
-2.0
-3.0
-4.0

Month

Month

Figure 29 (cont.). Temperature anomalies calculated from 2004 through 2011 from monthly mean temperatures.
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5.2

Associated Species

Surveys and observations of the associated species were conducted in an effort to gain a
better overall understanding of the biological dynamics within the study site.

For

example, the presence of other coral species and algae factor into the competition for
available substrate. Also, information about the species present (and absent) and their
preferred habitat can provide insight into the abiotic conditions present.
Vertebrates
The fish surveys conducted during this study recorded twelve species of reef fishes
within the site, however it is likely that surveys over a longer time period would add
species to this list. Most notable were the high numbers of juvenile Stegastes arcifrons
and the hovering school of Apogon atradorsatus.

The presence of A. atradorsatus

indicates low light conditions at the site due to the species affinity for shaded areas
(Grove 1997). The high occurrence of juvenile damselfish suggests the site may serve as
a safe haven for the fish, due to the structure created by the corals combined with the
protection and shallow depth inherent to the site (Feingold 1996; Feingold and Glynn
2014; Glynn 2006; Luckhurst and Luckhurst 1978). Although Psammocora stellata
colonies form low relief communities compared to framework building corals, the
colonies do increase the structural complexity of the habitat. The P. stellata community
may also be a source of food for reef fishes by housing prey items such as polycheates,
amphipods, decapods, crustaceans, and mollusks (Glynn 1974, Bezy et al. 2006). This
relationship could also benefit the corals such that the fish may provide the coral with
nutrients such as nitrogen, phosphorus and ammonium via fish excretion and fecal
products (Meyer et. al 1983). Psammocora is known to be directly consumed by the
local corallivorous pufferfish Arothron meleagris, however this species is more typical of
deeper, more open coral habitats (J. Feingold, pers. obs.) and has never been observed at
this site.
Similar schooling behavior by Xenocys jessiae was observed during earlier research trips
to the site. The black striped salema are typical of habitats with strong currents that occur
near corals and sandy bottoms (Grove 1997). Another, more charismatic, vertebrate
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species present was Zalophus californianus wollebaeki. The sea lions were observed
swimming in and out of the site, playfully tossing P. stellata colonies and resting on the
shaded rocks. It is suggested that the thermoregulation needs of Galápagos sea lions are a
factor in habitat preference, such that areas that provide shade from the intense sun
experienced at the equator are selected to aid physiological processes (Wolf et al. 2005).
The site at Xarifa could serve as a rest stop for sea lions during daily hunting trips from
colonies based on Española. Also, the water flow dynamics may appeal to the playful
nature of the sea lions. In reference to the corals, the playful biting and tossing of P.
stellata may induce fragmentation and within-site and nearby dispersal of the colonies.
The presence of A. atradorsatus, X. jessiae, and Z. californianus wollebaeki support the
previously mentioned observations of the physical features of the study site. The site
offers consistent shade from the strong equatorial solar irradiance as evidenced by the
occurrence of both A. atradorsatus and Z. californianus wollebaeki. Also, the water flow
dynamics and protection offered by the site create habitat preferred by both X. jessiae and
Z. californianus wollebaeki.
Invertebrates
Two stony corals that inhabited the site in addition to P. stellata were Tubastraea
coccinea and Pavona spp. Tubastraea coccinea is an ahermatypic cup coral found at
depths between 1-40 m and frequents shaded environments such as rock overhangs,
caves, underneath docks, inside shipwrecks and on walls of deeper reefs (Fenner &
Banks 2004, Glynn et al. 2008, Veron 2000, Humann & DeLoach 1993). Pavonid corals
are among the four common scleractinia genera within the archipelago, which include
Pocillopora, Porites and Psammocora (Glynn 1994). Wellington (1975) described a
distribution hierarchy at Champion Island comprising of Pavona in deeper depths (5-20
m), Porites in mid-shallow depths (3-8 m) and Pocillopora in shallow depths (1-3 m).
Similarly pavonids at Devils Crown, Floreana, and Bartolomé preferred deeper depth
profiles (Wellington 1975). Iglesias-Prieto et al. (2004) reported that in typical eastern
Pacific coral communities Pocillopora species inhabit shallow environments and Pavona
species inhabit deeper environments due to the required light regimes of their
endosymbionts. Glynn et al. (1983) also stated that massive corals (Pavona) occupy
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deeper waters. The presence of both T. coccinea and Pavona within the study area can
serve as qualitative site descriptors due to the characteristic habitat preferred by these
sessile organisms confirming the attenuated light regime.
Since three different types of coral (Psammocora, Pavona and Tubastraea) inhabit the
study site, and there is high coral cover with direct contact between species, there is
competition for space. Corals primarily use two competitive strategies in an effort to
gain space: overtopping and digestive dominance (Maguire 1977). Typically, ramose and
foliose corals with faster growth rates utilize the overtopping strategy to acquire space
while slower growing massive corals use extracoelenteric feeding to compete (Lang
1973). Corals that use extracoelenteric feeding are ranked in a dominance hierarchy
based on their level of digestive aggression, with the most aggressive having the highest
ranking. Glynn (1974) ranks Pavona gigantea over Psammocora stellata and Porites
panamensis. This ranking was the result of laboratory and field observations in which P.
gigantea removed tissue from P. stellata by extruding mesenterial filaments onto the
colony. Maguire (1977) combines the two strategies to form an overall dominance
hierarchy: Pocillopora damicornies > Pocillopora robusta > Pavona gigantea > Pavona
clivosa > Porites panamensis > Psammocora stellata. It is interesting to apply these
rankings to the observed relationships within the study site because is it clear that P.
stellata dominates the space even though pavonids are more aggressive.
Overtopping and digestive dominance are only part of the equation as to why one coral
species may outcompete another for space. Another factor that influences the observed
species distribution in the study site is the available substrate. Free-living P. stellata
colonies prefer unconsolidated rubble substrates, often consisting of remnant skeletons,
and this material makes up the majority of the substratum within the site (Glynn 2012,
Norstrӧm et al. 2007). The largest cover of Pavona occurs along the eastern wall where
the coral encrusts the solid basalt rock-face.

The morphological differences and

substrates requirements of the two species may in part explain the predominance of
Psammocora observed within the site.
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Aside from corals, another notable invertebrate present in the study site was Eucidaris
galapagensis. The urchin provides an important ecological function of removing foliose
algae, which allows coral recruits to move into the newly created space. The omnivorous
urchin also consumes seagrasses, sponges, crustose coralline algae, barnacles and coral.
Although the urchin is a vital herbivore, direct feeding on live corals may interfere with
coral recruitment and growth.

In the Galápagos Islands the combination of high

consumption rates of live coral, primarily Pocillopora, and greater population densities of
Eucidaris, compared to the mainland, is concerning due to the poor reef development
within the archipelago and the occurrence of ENSO events (Glynn et al. 1979). The
inferior reef base combined with the synergistic relationship of Eucidaris bioerosion and
ENSO events decreases the ability of corals to create and laterally expand the reef
framework (Herrera-Escalante et al. 2005; Glynn et al. 2015). The low number of E.
galapagensis individuals observed in the site may be within a range that maintains a
balance between grazing and bioerosive activities that is suitable for the P. stellata
population to withstand and perhaps benefit from. Future studies on the carbonate
balance of this community would help to better understand this relationship.
It is also important to note that the corallivore Acanthaster planci is absent from this site.
The bioerosive activities of A. planci have caused severe damage to coral reefs and
communities in areas of the Indo-Pacific. During a 2 ½ year period in Guam, 90% of the
living coral along 38 km of the country’s shoreline was destroyed. During this outbreak,
the rates of coral destruction were measured to be approximately 1 m2 per month, which
equates to approximately 12 m2 per year (Chesher 1969). In the eastern Pacific, Dana
and Wolfson (1970) reported mean annual rates of coral consumption of 5.3 m2 by A.
planci in the Gulf of California and Glynn (1973) reported rates of 5.4 m2 in Panamá.
These rates are low compared to other corallivores in the eastern Pacific such as cowries,
hermit crabs and puffer fish (Glynn 1974). The predatory sea star is considered rare
within the archipelago, only being observed at the northernmost Islands of Darwin and
Wolf, and was not observed within the study site (Feingold and Glynn 2014; Glynn and
Wellington 1983). The absence of this corallivore is advantageous to the corals already
existing at edge of their physiological abilities. Psammocora stellata has been
documented as a preferred prey source by A. planci in other areas of the eastern Pacific
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(e.g. Panamá); therefore, it is reasonable to suggest that the lack of this predator aids in
the persistence of P. stellata in the Galápagos and within the study site (Glynn 1974;
Glynn and Ault 2000).
Red Algae
Crustose coralline algae (CCA) was present within the study site alongside P. stellata
colonies.

It was observed on the unattached basalt rocks and dead coral skeletons

intermixed with live P. stellata colonies, as well as along the surrounding basalt
overhangs. Generally, CCA is less abundant in the Galápagos compared to coral reefs in
the Indo-Pacific and western Atlantic (Glynn and Wellington 1983). CCA functions as a
binding mechanism and aids in cementing the carbonate structure of the reef; therefore
the lower abundance of CCA within the archipelago contributes to the relative instability
of the reefs (Goldberg 2013; Littler and Littler 2013). This in turn decreases the ability of
reefs to withstand the impact of bioeroders, such as Eucidaris spp., which may further
destabilize the reefs (Glynn et al. 1979).
Also, as mentioned earlier, CCA may induce coral larvae settlement through chemical
and biological cues (Harrington 2004). The ability of CCA to promote settlement and
adhesion combined with their ability to compete with fleshy macroalgae for space aids in
providing available substrate for coral larvae (Goldberg 2013; Littler and Littler 2013).
The occurrence of CCA within the study site might be one of the factors allowing the P.
stellata population to persist in this location. Although P. stellata is not considered a
substantial reef-building species, the CCA may help in creating suitable substrate for the
colonies to build on. This may be of particular importance in the center of the site which
is made of unconsolidated substrate yet contains the highest density of P. stellata
colonies.
5.3

Psammocora stellata Population

The Psammocora stellata community was first observed in the 1980’s by T. DeRoy and
has persisted in this location through two strong ENSO events in 1982-83 and 1997-98
(Glynn et al. 2012). The P. stellata population was first quantified in 2004, followed by
subsequent visits in 2007, 2009, and 2011 to collect photoquadrat data. During the seven
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years spanning from 2004-2011 there was a 47% increase in mean live cover of P.
stellata overall, however this was not a linear progression. From 2004 to 2007 there was
a 39% increase in cover, followed by decrease in cover by -10% from 2007 to 2009 and
finally an increase from 2009 to 2011 of 18% (Figure 30).

Statistical comparison

determined the 2004 live coral cover mean to differ significantly from 2007 and 2011
means. Fluctuations in coral cover can be partially explained through temperature data,
in particular, the occurrence anomalous events. The decrease from 2007 to 2009 may be
associated with the mild El Niño conditions occurring late 2006 followed by the strong
La Niña conditions occurring for most of 2007 and into early 2008. During this same
time period a decrease of approximately 95% of a Pocillopora spp. population at Devil’s
Crown, Floreana Island was documented (Feingold and Glynn 2014).

Concurrently

throughout the Galápagos, Banks et al. (2009) reported bleaching of Porites lobata and
Pocillopora sp. The persistence of the P. stellata community through both strong and
moderate ENSO events demonstrates the resistance and resilience of the species in
response to both negative and positive temperatures anomalies.
The percent coral cover is notably higher in comparison to previous studies (see section
5.3.1. below). This is in part due to the methodology used to determine the area of coral
cover. The placement of the quadrats was biased to areas consisting of P. stellata,
thereby contributing to the high number reported. However, the small overall size of the
site did not allow for much deviation from areas consisting of P. stellata and in effect the
quadrats do represent the majority of the study site. The non-overlapping placement of
the quadrats also aided in avoiding potential skewing of the population data due to
clustering of the free-living colonies during strong surge events within the site.

In

addition, using CPCe to measure the coral colonies within the photoquadrats resulted in a
detailed analysis of coral cover. It would be interesting to conduct a future study which
compared the methods of in situ percent cover measurement (i.e. estimating the percent
coral cover per quadrat) versus post-analysis using CPCe to calculate the coral cover
area.
The changes in coral densities increased by 138% from 2004 to 2011. Significant
differences existed among all means except between 2007 and 2009. As the densities of
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colonies increased the mean live coral colony size decreased by 38%.

Statistical

differences were found among each of the yearly means except comparisons of 2004 to
2007 and 2009 to 2011. Dividing the colonies into size classes reveals that from 2004 to
2009 the highest percentage of total colonies for each year fell into the 1-5 cm2 class, the
second highest category was 0-1 cm2, followed sequentially by 5-10 cm2, 10-20 cm2, and
20-52 cm2 size classes. In 2011, a similar pattern was detected; however the highest
percentage of colonies fell into the 0-1 cm2 followed second by the 1-5 cm2 size class
(Figure 32).
The trend of decreasing mean size of the colonies may suggest asexual reproduction
through fragmentation is promoting population maintenance and growth.

However,

Glynn et al. (2012) suggest that P. stellata is predominantly a broadcast spawner based
on histological samples taken from the Galápagos and other sites in the eastern Pacific
including Costa Rica and Panamá. Determination of the dominant reproductive mode
used by the coral is difficult due to the small colony size and mobile nature of P. stellata
(Glynn 1974). Studies in Costa Rica (Guzman and Cortes 2001; Jimenez and Cortes
2003) and Panamá (Uva Reef – Glynn et al. 2012) documented the sexual recruitment of
coral larvae from deeper, source populations, to shallower populations that were
impacted during ENSO events. A similar relationship was observed in Devil’s Crown in
which source populations approximately 15-25 m upstream at 15-25 m depth provided
larvae to the shallower population within the site (Feingold 1996; 2001). Glynn et al.
2012 indicates that further research is needed in understanding the connectivity between
deep and shallow coral populations as well as understanding the spatial relationship of
colonies at multiple scales to determine whether a population is increasing due to sexual
or asexual reproduction or if it is combination of both. The high fecundity of P. stellata
may be attributed to the utilization of two reproductive methods in maintaining and
increasing the population size. It would be worthwhile to conduct a genetic study to
determine relatedness within this population as was performed for a clonal population of
Pocillopora at Isabela Island (Baums et al. 2014).
The water flow dynamics within the site may also facilitate reproductive success by
influencing the dispersal of coral larvae. During basic flow assessments the surface flow
75

repeatedly pushed the water filled bag into the site. This pattern could be advantageous
during spawning events to encourage spawned larvae to remain within the site. Also, the
restricted nature of the site combined with the water flow action also contributes to the
retention of coral skeletons that in turn serve as substratum for coral recruits. In addition
to self-seeding, the population could serve as a source for nearby populations. Contrary to
the typical pattern in which deep populations serve as the source to shallow populations
the study site may function in the reverse (Feingold 1996, 2001; Jiménez and Cortés
2003). For example, there is another aggregate of P. stellata approximately 6 m west of
the site in deeper water that may be a benefactor from the population within the protected
study site. Future study of both sites could provide insight into the relationship between
the two populations. For example, it would be interesting to note if increases and
decreases in coral cover are parallel and how the colony size and morphology compares
between the sites.

Percent Cover of Psammocora stellata and
Percent Change of Cover from 2004-2011
Percent Cover
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Overall % Δ = 47%
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Figure 30. The percent cover of Psammocora stellata per year is presented with the percent change in
cover between each year. The overall percent change in coral cover from 2004 to 2011 was 47%.
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Comparison of Changes in Colony Size and Density of
Psammocora stellata from 2004-2011
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Figure 31. The comparison of changes in mean colony size and density of Psammocora stellata per
year and overall. Mean colony size decreased by -38% overall and density increased by 138%
overall.
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Figure 32. Percent of colonies in each size class per year.
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5.3.1 Comparison to Other Areas/Studies
Psammocora stellata populations are found throughout the eastern Pacific including
Costa Rica, Panamá, Mexico, Baja California and the Galápagos Islands. The different
environmental conditions at these locations contribute to the ability for P. stellata
communities to exist and also factor into the morphological and physiological attributes
of each community. Results from this study compare to previous studies that measured
and documented P. stellata populations. Overall, the P. stellata community within the
study site reported considerably higher densities compared to other studies. Also, there
are similarities between the mean percent coral cover presented in this study and those
reported previous studies; however, the cases in which comparable mean percent coral
cover data were observed were those in which the depths ranged from 5 to 18 m (Bezy et
al. 2006; Cortés 1990; Feingold 1996). Depths within the study site ranged from 1-3 m,
notably shallower than those sites with similar mean percent cover of P. stellata. Table
17 provides a brief synopsis of studies conducted within the eastern Pacific and the data
collected regarding coral cover, percent change, and colony statistics.
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Table 17. Summary of previous studies that have reported P. stellata population and colony level data.

Source
Glynn 1976

Location
Pacific coast,
Panamá

Depth

Devil’s Crown,
Galápagos

3-6 m

Feingold 1996

Devil’s Crown,
Galápagos

14-18 m

Feingold 2001

1976: 2295 m2;
1983: 0;
1993: 0;
2011: 735 m2 – after complete die-off,
about 1/3 recovery
22.3 - 33.1%

Nayarit,
Mexico

2-5 m

20-50 cm max diameter

Gulf of California

0-15 m

< 10 cm height

Bahía Banderas,
Mexico

Area / Mean Percent Cover (±SD)
13.6 cm2 live coral area

Glynn and
Wellington
1983; Glynn
1994; Glynn et
al. 2012;
Feingold unpub.

Carriquiry and
Reyes-Bonilla
1997
Ochoa López
and ReyesBonilla 1997
Carriquiry et al.
2001

Colony Size / Density

1-2 m (grouped with P.
superficialias)

Punta Espejo: 7 m

P. Espejo (# col/m2):
March 1998=36.3;
May 1998=5.4; 1999=4.8;
2000=6.1;
1998-2000: 83.3% decrease

Devil’s Crown: 14 m

D. Crown (col pt-ct):
March 1998=149;
May 1998=142; 1999=142;
2000=125;
1998-2000: 16.1% decrease

Floreana &
Marchena,
Galápagos
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0.07% of total coral cover

Table 17 (cont.). Summary of previous studies that have reported P. stellata population and colony level data.

Source
Guzmán and
Cortés 2001

Location
Caño Island,
Costa Rica

Depth
80m2 area: 5-9 m; 9-14 m
20m2 area: 5-9 m; 9-14 m

Colony Size / Density
20m2 area (tot col #):
5-9 m: 1984,1996,1999=0;
1987=1;
9-14 m: 1984=0; 1987=50;
1996=53; 1999=19

Manuel Antonio: 1-8 m
Jiménez and
Cortés 2003

Costa Rica

Manuel Antonio: 6.6 ± 2.1%;
24% decrease 1993-2001

Cambutal: 2-6 m

Cambutal: 1.3 ± 0.3%; not found 2001
Ballena: 0.6 ±0.2%;
33% increase 1993-2001

Ballena: 2-6 m

1993: 0.6 ± 0.6%; 2001: 0.8 ± 0.6%;
1994: 0.5 ± 0.5%; 2003: 0%

Site VII: 4.5 m
Alvarado et al.
2005

Ballena Marine
National Park,
Costa Rica

100% decrease 1993-2003 at Site VII
Site VIII: 7.5 m

2003: 0.2 ± 0.1%
Curú: 49.0 ± 6.2 % total coral cover:
P.stellata~92% of total;
P. superficialis ~8% of total

Curú: 4-6 m;
Bezy et al. 2006

Costa Rica

La Penca: 1995-2003 95% of
psammocorids died due to Caulerpa
sertularioides outbreak
Pacheco:1987=0.21 ± 0.12%; 2002=0.12 ±
0.03% = 75% decrease;

La Penca: 7-12 m
Pacheco: 3-18 m;
Guzmán and
Cortés 2007

Cocos Island,
Costa Rica

Area / Mean Percent Cover (±SD)
80m2 area (% cover):
5-9 m=0;
9-14 m: 1984=0; 1987=0.73 ±0.18%;
1996=2.27 ± 0.49%;
1999=0.18 ± 0.08%

Chatham: 1987=0.74 ± 0.33%; 2002=0.23
± 0.03% = 69% decrease;

Chatham: 3-18 m;

Presidio: 1987=0.57 ± 0.07%; 2002=1.34 ±
0.21% = 135% increase

Presidio: 9-24 m
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Table 18. Results from a study conducted by Cortés (1990) in Golfo Dulce, Costa Rica. Percent cover of P. stellata is reported with standard error and
the corresponding site and depth.

Location
Punta Bejuco
Punta El Bajo
Sándalo

Site 1
Depth
Percent Cover
0-1 m
0
(reef flat)
3-4 and 7 m
5.6 ± 3.3%
(periphery)
2-3 m
0.2 ± 0.1%
(inshore)

Depth
1-2 m
(reef edge)
5-6 m
(core)
3-5 m
(offshore)

Site 2
Percent Cover
0

Depth
2-8 m
(reef slope)

Site 3
Percent Cover

Total Mean
Percent Cover

0.5 ± 0.04

0.025 ± 0.02%

86.1 ± 2.2%

-

-

37.83 ± 17.78%

0.4 ± 0.2%

-

-

0.31 ± 0.01%
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5.4

Conservation and Management

The International Union for the Conservation of Nature (IUCN) lists P. stellata as
Vulnerable on the Red List of Threatened Species. This indicates the species is facing a
high risk of extinction in the wild. Extensive reduction in coral reef habitat is the most
important threat to this species, however many other threats contribute to the Vulnerable
status.

Predation, competition, disease, ENSO events, climate change, ocean

acidification, and localized threats such as sedimentation, fishing, development,
pollution, invasive species, trade, and tourism all factor into the species reduction
worldwide (Cortés et al. 2014). Edgar et al. (2010) determined P. stellata to be 1 of 45
threatened marine species in the Galápagos Islands, citing El Niño as the most probable
threat to the species survival.

However, Feingold and Glynn (2014) suggest this

designation may be premature due to the recent recovery of P. stellata populations to
near pre-disturbance levels (i.e. prior to 1982-1983).
In 2009 P. stellata was one of eighty-three coral species petitioned by the Center for
Biological Diversity to be listed under the Endangered Species Act (ESA). In 2010 the
National Marine Fisheries Service (NMFS) determined that the petition contained
substantial and sufficient scientific and commercial information to warrant a formal
status review of the petitioned coral species. NFMS then assembled a Coral Biological
Review Team of federal scientists to conduct the comprehensive review. The findings of
this review were published in the peer-reviewed Status Review Report (Brainard et al.
2011).

In addition, NMFS developed a peer-reviewed Draft Management Report

(NMFS, 2012) to identify the inadequacy of existing regulatory mechanisms and
protective efforts that may provide protection to the corals. Based these two reports, it
was determined that P. stellata did not warrant listing under the ESA (77 FR 73220).
This was based on the moderate vulnerability of P. stellata to the three high importance
threats of ocean warming, disease, and ocean acidification; uncommon geographic
rangewide distribution; and moderate overall distribution (based on moderate geographic
distribution and moderate depth distribution).
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5.4.1 Resistance and Resilience
Although many of the above threats are beyond the control of the species, there are some
inherent characteristics that aid the species in its persistence and survival. Psammocora
stellata has demonstrated the ability to resist and recover quickly from bleaching, which
combined with its widespread and locally common distribution, makes this species more
likely to be resistant to habitat loss and reef degradation. Cortés et al. (2014) explains
this is true because of an assumed large effective population size that is highly connected
and/or stable with enhanced genetic variability. Glynn et al. (2012) credits the ability of
Psammocora spp. to rapidly recover and persist to several factors: relative resistance to
bleaching,

deep

refuge

populations,

broadcast

spawning,

protracted

seasonal

reproduction, high fecundity, and asexual propagation.
The resilience of P. stellata was documented in Bahía Banderas, which is on the Pacific
coast Mexico. Sea surface temperatures remained greater than 32˚C for ten weeks
causing mass coral mortality throughout the bay. Most affected were pocilloporid corals,
experiencing 100% mortality, followed by poritids experiencing 31% mortality. Among
psammocorid corals (P. stellata and P. superficialis) mortality was insignificant. The
congeners did experience 100% bleaching, however, once the ambient conditions
returned to normal, the corals regained normal pigmentation. It was suggested that the
recovery of the psammocorids was in part due to the shallow depths (1-2 m) in which the
corals are found. At this depth and location the corals may be acclimatized to higher
temperatures that occur during summer months. Also, the encrusting morphology and
associated lower metabolic rate of the psammocorids at this site may have aided in the
recovery (Carriquiry et al. 2001).
In Costa Rica, Bezy et al. (2006) also described the resilience of P. stellata documented
in the Gulf of Nicoya, Curú National Wildlife Reserve and in an aquarium trial. At the
Curú site, historical data from core samples were analyzed alongside in situ data and
revealed that two distinct coral communities existed prior to the present day
Psammocora-dominated reef. The oldest layer consisted of Psammocora colonies and
the younger layer consisted of Pocillopora colonies.

The historical presence of

Psammocora and the present-day lack of Pocillopora suggest that Psammocora may be
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more resilient at Curú and/or the coral may be more opportunistic in recolonizing after
disturbances. Also, the aquarium trial demonstrated the ability of Psammocora to be
resistant to stressors such as high and low salinity (28-40 ‰) and to recover after more
than 65 days of bleaching conditions. Conversely, the study also documented coral cover
at the upwelling site La Penca in Culebra Bay. Here there was an outbreak of the green
alga Caulerpa sertularioides, which caused 95% loss of live Psammocora cover. This
event brings into question the ability of the species to resist and recover from biological
stressors. This question is particularly important regarding the relatively small study site
at Xarifa. Biological stressors such as competition or disease outbreak could have a
significantly damaging effect to the P. stellata population.
The response of corals to the local environmental conditions varies between species and
can also vary within species. The ability of a coral of the same species to adapt and
acclimatize to the surrounding conditions elucidates the importance of studying a species
in locations that experience different environmental regimes (Jiménez and Cortés 2003).
Studying the species response to different abiotic and biotic factors and stressors in each
locale can aid in gaining insight and understanding to capacity of the species to resist and
recover.
5.4.2 Galápagos Marine Reserve
The Galápagos Marine Reserve (GMR) was created in 1998 when the Organic Law of
Special Regime for the Conservation and Sustainable Development of the Galápagos
(LOREG), commonly referred to as the Special Law for Galápagos,

extended the

protected area to a distance of 40 nautical miles from the coasts of the outer islands
(www.galapagospark.org). This 138,000 km2 area was included in the list of World
Heritage Sites in 2001, joining its land counterpart that was listed in 1978, in recognition
of the universal value and uniqueness of the Galápagos and the importance of conserving
this biologically, geologically and evolutionary significant natural site.

In order to

protect and conserve the valuable resources within the archipelago, the GMR is organized
by zones, which dictate the type of activity that is permitted in each area. There are three
major zones: multiple use zone, limited use area, and port area. The limited use and port
areas also have subzones to further specify the allowed uses. In an effort to manage the
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GMR as an inter-connected and living structure, zoning remains a fluid process. Areas
may be reclassified to better suit the emergent circumstances and needs of an area, while
maintaining the overall objectives and goals of the GMR. The Charles Darwin Research
Station (CDRS), established in 1959, also helps manage the GMR by advising the
National Park on protection plans for the marine ecosystem (Danulat and Edgar 2002).
The coast of Española is categorized by three subzones under the limited use area: (1)
comparison and protection subzone; (2) conservation and non-extractive use subzone;
and (3) conservation and extractive and non-extractive use subzone. The third subzone
covers the largest length of coast (31.1 km) and allows uses such as artisanal fishing,
navigation, education, science, tourism, patrolling, and military maneuvers. The coast of
Xarifa is zoned only for comparison and protection where science and education are
exclusively permitted, allowing the biodiversity and ecology of the site to be studied
without the influence of human activities. The comparison and protection subzones serve
as control sites to which the effect of human uses in the archipelago can be measured.
This designation stresses the importance of studying sites like Xarifa and collecting long
term data to document changes in the biota and to use this data in assessing positive or
negative trends that may be occurring, particularly in association with human impacts
(Danulat & Edgar 2002). Site specific data adds to the collective database for the
archipelago and strengthens the base on which policy makers can make informed
decisions.
Most recently, in 2016 the Darwin and Wolf Marine Sanctuary was created which
encompasses a total area of 47,000 km2 within the GMR boundaries. The sanctuary
extends approximately from Pinta Island, north to the Darwin and Wolf Islands (covering
an area of approximately 40,000 km2) and also includes 21 smaller conservation areas
scattered throughout the Archipelago, including the waters surrounding Xarifa Island.
This sanctuary is designated as a no-take area and was created primarily in response to
the increasingly detrimental effects of legal and illegal fishing (Howard 2016).
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6.0

Conclusion

The eastern tropical Pacific is a marginal environment for coral growth and development.
This is evidenced by the generically depauperate coral reefs and communities observed in
regions such as Costa Rica, Panamá, and the Galápagos Islands. Psammocora stellata
has shown, through field observations and laboratory experiments, that it possesses the
ability and characteristics to persist and maintain populations in light of unfavorable
environmental conditions. This is in part due to the intrinsic characteristics of P. stellata
that facilitate resistance, resiliency and recovery of the species against environmental
stressors such as increased sea surface temperatures and habitat disturbance. The physical
surroundings also play an integral role in the survival of P. stellata. This is a crucial
factor in the maintenance of the P. stellata population at the study site. The tall basalt
cliffs surrounding the site serve as a barrier which limits the levels of solar irradiance
directly affecting the particularly shallow site and their orientation also influences the
water flow dynamics over the community. Water movement and flushing action over
coral populations have been documented to assist in maintaining suitable temperatures
through ENSO events and also assist in reducing sediment accumulation on coral
colonies. To further the understanding of the interactions of the physical processes in
relation to the maintenance of P. stellata at the study site it would be beneficial for future
research within the site to include salinity measurements, quantitative data on the other
coral species present (i.e. Pavona spp. and T. coccinea) to assess competition among
species, and to assess additional coral condition data (i.e. bleaching, disease, etc.). Also,
it would be interesting to compare the P. stellata community within the study site to the
P. stellata aggregate located in deeper water approximately 6 m west beyond the site.
This comparison could provide insight to how different abiotic factors affect P. stellata
and possibly aid in better understanding the preferred habitat characteristics of the species
and conditions that may be more ideal in future global climate settings. Overall, this
study adds to the collective knowledge of P. stellata and provides information to a larger
dataset intended to help in understanding and managing the important environmental
resources within the Galápagos Islands.
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